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ABSTRACT
Rising global warming concern demands the need for a rapid transition to renewable energy
sources. The intermittent nature of these sources emphasizes the requirement of developing highly
efficient

electrochemical energy storage devices like supercapacitors and batteries.

Supercapacitors are at the forefront of powering various devices spanning from electric cars to
aircraft. Here, we have engineered the electrode material properties for developing supercapacitors
with high capacitance, energy density and cycle life. Among the electrode materials, we have
focused on improving the energy storage performance of 2D materials like graphene oxide (GO)
and tungsten disulfide (WS2), in addition to metal oxides such as manganese oxide and
molybdenum oxide. A simple electrophoretic deposition technique is developed to vertically attach
and align 2D materials like GO sheets on the carbon fibers to achieve unprecedented 100,000
charge-discharge cycles. The flexible nature displayed by the manufactured device demonstrated
its application for powering next-generation wearable electronics. An all 2D asymmetric
supercapacitor developed by combining GO and WS2 electrodes delivered an output voltage
beyond the thermodynamic breakdown potential of the aqueous electrolyte. Investigating the
structural evolution of these 2D materials using tools such as kelvin probe force microscope
(KPFM) and Raman spectroscopy provided an understanding of the surface level chemical and
structural changes undergone by the electrodes during cycling. The KPFM is also utilized to
successfully engineer the electrode work function to enhance the voltage and energy density in a
supercapacitor. This work opened up a new route to obtaining high energy density from
supercapacitors which are already exhibiting high power density and cycle life.

iii

I dedicate this work to my parents

iv

ACKNOWLEDGMENTS
I would like to thank, first and foremost, my advisor, Dr. Jayan Thomas, for providing me
the opportunity and resources to pursue the doctoral research under his guidance. He has been very
supportive and motivating throughout my time at UCF. I would never forget these words I used to
hear every morning from him, “Hey guys, what’s new?”. The amount of passion and excitement
he shows in research has inspired and driven me to learn more and be successful.
I am also thankful to my committee members, Dr. Lei Zhai, Dr. Yang Yang, Dr.Akihiro
Kushima and Dr. Kalpathy B. Sundaram for offering their time, support, and valuable insights in
improving my research.
I thank my colleagues at UCF who made the lab ambience a pleasant place of learning and
collaborated in publishing exciting results, especially, Dr.Sreekanth J Varma, Dr.Jayesh
Cherusseri, Deepak Pandey, Dr.Nitin Choudhary, Dr.Jinxin Li, and Dr.Narasimha Nagaiah. I
extend a special thanks to my friend Deepak Pandey for motivating and supporting me through the
tough patches of this journey.
I thank the professors, Dr.Yeonwoong Jung, Dr.Swaminathan Rajaraman, Dr.Laurene
Tetard, Dr.Tania Roy, Dr.Lei Zhai, Dr.Sudipta Seal and the fellow researchers, Dr.Luke Roberson,
Dr.Cacie Hart, Dr.Avra Kundu, Dr.Yi Ding, Dr.Elizabeth Barrios, Dr.Hee-Suk Chung, Luis
Hurtado, Leaford Nathan Henderson, Gustavo Suarez, Patrick Vega, and Hilda Reyes Salvador for
successful collaboration and publication of exciting results. I also thank all the support staff and
administrative team at NSTC, MSE and AMPAC for their continued support in making all this
success possible.
v

My research journey started when my cousin, Vinoth Babu introduced me to CSIR-Central
Electrochemical Research Institute. This is the place which provided me the first research
opportunity and basic lab skills. I am thankful to Babu for guiding me into this exciting career
path. I sincerely thank my undergraduate research advisors, Dr.Sathish, Dr. Subramani, Dr.Karnan
and Amutha for teaching me the basic electrochemistry skills.
I am feeling happy to make my parents proud with all my research accomplishments. It is
because of my mom’s career sacrifice and my dad’s support; I succeeded so much in my career.
My mom’s prayers and blessings for my wellbeing have brought me to this stage. They have
supported me in all my failures and encouraged me that I can achieve big things in my life.
I like to thank my dear friend, Aditya Mandalam, who always believed in my abilities more
than me. He supported me through all the personal and professional downfalls during PhD. I like
to thank my friend, Dr.Ayyappan Elangovan who constantly provided professional advice during
bachelors and doctorate program. I also thank my friends, Anjan and Kasi who has been supportive
in this journey.

vi

TABLE OF CONTENTS
LIST OF FIGURES ....................................................................................................................... xi
LIST OF TABLES ..................................................................................................................... xviii
CHAPTER 1

INTRODUCTION ................................................................................................. 1

1.1

Motivation ........................................................................................................................ 1

1.2

High Cycle Life Flexible Supercapacitors ....................................................................... 3

1.3

All 2D Asymmetric Supercapacitor ................................................................................. 5

1.4

Qualitative Investigation of Cycle Life of Electrode Materials ....................................... 6

1.5

Work Function and Voltage Window Relation in Supercapacitors ................................. 7

CHAPTER 2

VERTICALLY ALIGNED GRAPHENE CARBON FIBER HYBRID

ELECTRODES WITH SUPERLONG CYCLING STABILITY FOR FLEXIBLE
SUPERCAPACITORS ................................................................................................................. 10
2.1

Introduction .................................................................................................................... 10

2.2

Experimental Section ..................................................................................................... 12

2.2.1

Materials ................................................................................................................. 12

2.2.2

Synthesis of VGCF Hybrid ..................................................................................... 13

2.2.3

Materials Characterizations .................................................................................... 13

2.2.4

Assembly of VGCF All-Solid-State Supercapacitor .............................................. 14

2.2.5

Electrochemical Characterizations.......................................................................... 14
vii

2.2.6

Supercapacitor Bending Test .................................................................................. 15

2.3

Results and Discussion ................................................................................................... 15

2.4

Conclusions .................................................................................................................... 32

CHAPTER 3

HIGH PERFORMANCE FLEXIBLE ASYMMETRIC SUPERCAPACITOR

BASED ON rGO ANODE AND WO3/WS2 CORE/SHELL NANOWIRES CATHODE .......... 34
3.1

Introduction .................................................................................................................... 34

3.2

Experimental Section ..................................................................................................... 37

3.2.1

Synthesis of Reduced Graphene Oxide (rGO) Electrode ....................................... 37

3.2.2

Synthesis of Core/Shell Nanowire (WO3/WS2) Electrode...................................... 37

3.2.3

Synthesis of PVA-Na2SO4 Electrolyte.................................................................... 38

3.2.4

Fabrication of Asymmetric Solid-State Device ...................................................... 38

3.2.5

Characterization of the Electrodes .......................................................................... 38

3.3

Results and Discussion ................................................................................................... 39

3.4

Conclusions .................................................................................................................... 52

CHAPTER 4

INVESTIGATING 2D WS2 SUPERCAPACITOR ELECTRODE

PERFORMANCE BY KELVIN PROBE FORCE MICROSCOPY ............................................ 53
4.1

Introduction .................................................................................................................... 53

4.2

Experimental Section ..................................................................................................... 56

4.2.1

Preparation of WS2 Electrode ................................................................................. 56

viii

4.2.2
4.3

Material and Electrochemical Characterization of Electrodes ................................ 56

Results and Discussion ................................................................................................... 58

4.3.1

Material Characterization of WS2 Electrode........................................................... 58

4.3.2

Electrochemical Characterization of WS2 Electrode .............................................. 59

4.3.3

Capacitive vs Intercalation/Deintercalation Charge Storage Calculation ............... 61

4.3.4

Relation Between Electrode’s Interlayer Strain and Capacitance .......................... 66

4.4

Conclusions .................................................................................................................... 70

CHAPTER 5

HIGH VOLTAGE ASYMMETRIC SUPERCAPACITORS DEVELOPED BY

ENGINEERING ELECTRODE WORK FUNCTIONS .............................................................. 71
5.1

Introduction .................................................................................................................... 71

5.2

Experimental Section ..................................................................................................... 75

5.2.1

Materials ................................................................................................................. 75

5.2.2

Cleaning of CF ........................................................................................................ 75

5.2.3

Synthesis of MnO2 .................................................................................................. 75

5.2.4

Synthesis of NaMnO2 ............................................................................................. 75

5.2.5

Synthesis of LiMnO2............................................................................................... 76

5.2.6

Synthesis of KMnO2 ............................................................................................... 77

5.2.7

Synthesis of MoO2 .................................................................................................. 77

5.2.8

Material Characterization........................................................................................ 77
ix

5.2.9

Kelvin Probe Force Microscopy (KPFM) Procedure ............................................. 78

5.2.10 Electrochemical Characterization ........................................................................... 79
5.2.11 Charge Balance Between Positive and Negative Electrode .................................... 80
5.3

Work Function Studies Using KPFM ............................................................................ 80

5.4

Material, Structural, and Electrochemical Characterization of the Positive Electrode .. 85

5.5

Material, Structural, and Electrochemical Characterization of the Negative Electrode 91

5.6

Electrochemical Characterization of Asymmetric Supercapacitor ................................ 97

5.7

Conclusion.................................................................................................................... 101

CHAPTER 6

CONCLUSIONS ............................................................................................... 103

APPENDIX A : COPYRIGHT PERMISSION LETTER FOR CHAPTER 2 .......................... 106
APPENDIX B : COPYRIGHT PERMISSION LETTER FOR CHPATER 3 .......................... 108
APPENDIX C : COPYRIGHT PERMISSION LETTER FOR CHAPTER 4 .......................... 110
APPENDIX D : COPYRIGHT PERMISSION LETTER FOR CHAPTER 5 .......................... 112
APPENDIX E : LIST OF RELEVANT PUBLICATIONS ....................................................... 114
LIST OF REFERENCES ............................................................................................................ 117

x

LIST OF FIGURES
Figure 2.1 Schematic showing the preparation of VGCF hybrid electrode. (a) CF used as the
substrate for electrophoretic deposition; (b) electrophoretic deposition at which CF used as the
negative electrode, platinum sheet as the positive electrode and a bath consisting of graphene
sheets dispersed in isopropyl alcohol with nickel nitrate hexahydrate; (c) VGCF hybrid electrode
obtained after the electrophoretic deposition. (d) Schematic diagram representing an easy and
fast electron transport from the graphene to CF current collector. ............................................... 16
Figure 2.2 (a) Bright-field TEM image of graphene sheets before electrophoretic deposition
(scale bar: 100 nm); (b, c) SEM images of VGCF hybrids at different magnifications (scale: (b) 5
µm, (c) 200 nm)); 3D topographical AFM image of VGCF hybrid (d) before and (e) after
ultrasonication; (f) HAADF STEM image (scale: 100 nm), and (g-j) STEM EDS elemental
mapping of a vertically-stacked graphene nanosheet: (g) STEM EDS mapping image of portion
marked in Figure 2.2 f, and STEM EDS elemental mapping images of (h) carbon, (i) nickel, and
(j) oxygen. ..................................................................................................................................... 17
Figure 2.3 (a) Nitrogen-sorption isotherms and (b) BJH pore-size distribution curve of VGCF
hybrid. ........................................................................................................................................... 19
Figure 2.4 (a) Fingerprint Raman spectra of CF, graphene sheets and VGCF hybrid; (b, c) XPS
analysis of pristine graphene sheets: core-level XPS (b) C1s spectra, (c) O1s spectra of pristine
graphene sheets; (d-f) XPS analysis of VGCF hybrid before and after electrochemical cycling:
core-level XPS (d) C1s spectra, (e) O1s spectra, and (f) Ni2p spectra of VGCF hybrid electrode
before (pristine electrode) and after the electrochemical cycling (after 100000 cycles). ............. 20

xi

Figure 2.5 (a) Nyquist plot (inset: Nyquist plot in the high-frequency region); (b) CV curves at
different scan rates; (c) GCD curves at different current densities of VGCF hybrid electrode in
aqueous 1 M H3PO4 electrolyte; (d) Specific capacitance retention plot for the VGCF hybrid
electrode when cycled at a scan rate of 100 mV s-1 for continuous 100000 cycles in aqueous 1 M
H3PO4 electrolyte; SEM images of the VGCF hybrid electrode at (e) cycle-0 and (f) after cycle100000 (scale: 200 nm); (g) Nyquist plot of the VGCF hybrid electrode at (e) cycle-0 and (f)
after cycle-100000. ....................................................................................................................... 24
Figure 2.6 (a) Nyquist plot of the VGCF hybrid electrode after completing 100000 cycles and (b)
CV curves of the VGCF hybrid electrode at its first and 100000th cycles.................................... 25
Figure 2.7 (a-d) Electrochemical performances of VGCF hybrid supercapacitor: (a) Nyquist plot
(inset: enlarged portion in the high-frequency region), (b) CV curves at different scan rates, (c)
Comparison of CV curves of the symmetric VGCF and pristine CF supercapacitors in 1 M
H3PO4 at a scan rate of 25 mV s-1, and (d) GCD curves at different current densities of VGCF
hybrid supercapacitor in 1 M H3PO4 aqueous electrolyte; (e-h) Electrochemical performances of
VGCF ASSC: (e) CV curves at different scan rates, (f) plot of capacitance retention vs. cycle
numbers for continuous 17000 cycles (inset: CV curves of first and last cycles at a scan rate of
100 mV s-1), (g) plot of capacitance retention at different bending angles (inset: CV curves at
different bending angles obtained at a scan rate of 100 mV s-1), (h) a plot of capacitance retention
for 1000 bending cycles (inset: digital photograph showing the VGCF ASSC bend at an angle of
90o, scale bar: 1 cm) of VGCF ASSC; (i) Prototype ASSC stack testing: the prototype VGCF
ASSC stack fabricated using two VGCF ASSCs (5 cm × 3 cm) connected in parallel powering a

xii

toy drone propeller fan (inset: digital photograph of the toy drone propeller fan, scale bar: 1 cm).
....................................................................................................................................................... 29
Figure 2.8 Nyquist plot of the VGCF ASSC (inset: Nyquist plot at high-frequency region) before
and after cycling. ........................................................................................................................... 30
Figure 3.1 Raman spectra of (a) GO, rGO and (c) WO3/WS2 core/shell nanowires electrodes;
XRD of (b) rGO and (d) WO3/WS2 core/shell nanowires electrodes. .......................................... 40
Figure 3.2 SEM images of (a) Ni foam, (b) electrodeposited rGO on Ni foam, (c) high
magnification SEM image of rGO/Ni foam, (d) TEM image of isolated rGO nanosheets, (e) SEM
image of densely aligned WO3/WS2 core/shell nanowires, (f) Low-magnification bright field
TEM image of a single WO3/WS2 nanowire, (g) HAADF-STEM image of the red box region in
(f) showing WS2 layers covering the WO3 core. .......................................................................... 42
Figure 3.3 Electrochemical characterization of the rGO electrode: (a) CV curves recorded at
different scan rates, (b) GCD curves recorded at different current densities, (c) Cycle test of rGO
electrode at 100 mV/s, (d) Nyquist plot recorded before and after 10000 electrochemical cycles.
Inset in Figure 3.3 (d) shows magnified view of Nyquist plot. .................................................... 44
Figure 3.4 Electrochemical characterization of the WO3/WS2 electrode: (a) CV curves recorded
at different scan rates, (b) GCD curves recorded at different current densities, (c) Cycle test of
WO3/WS2 electrode at 100 mV/s, (d) Nyquist plot recorded before and after 10000
electrochemical cycles. ................................................................................................................. 46
Figure 3.5 Electrochemical characterization of asymmetric supercapacitor in aqueous 0.1 M
Na2SO4 electrolyte: (a) CV curves of the rGO and WO3/WS2 electrode in a three-electrode
system at a scan rate of 100 mV/s, (b) CV curves of the rGO // WO3/WS2 cell measured at
xiii

different voltages at a scan rate of 100 mV/s, (c) CV curves of the asymmetric cell measured at
different scan rates, (d) GCD curves of the asymmetric cell measured at different current
densities, (e) Plot of areal capacitance vs scan rate, (f) Cycle test of the asymmetric cell showing
capacitance retention for 10000 cycles. Inset inside (f) shows the CV curve comparison of 1st and
10000th cycle. ................................................................................................................................ 47
Figure 3.6 (a) Nyquist plot of the rGO // WO3/WS2 asymmetric cell in liquid electrolyte; (b)
Cycle test of rGO // WO3/WS2 asymmetric cell in 1.3 V window at 100 mV/s........................... 49
Figure 3.7 Electrochemical characterization of asymmetric solid-state supercapacitor: (a) CV
curves recorded at different scan rates, (b) GCD curves recorded at different current densities, (c)
CV curves at different bending angles at 100 mV s-1, (d) Plot of capacitance retention vs bending
angle. ............................................................................................................................................. 50
Figure 3.8 (a) CV curves of a single and two asymmetric devices connected in series at 100
mV/s; (b) Two devices connected in series powering an LED. .................................................... 52
Figure 4.1 (a) Raman spectra of the WS2 electrode; (b) SEM image of WS2 electrode; (c) Lowmagnification bright field TEM image of a WS2 electrode; (d) HAADF-STEM image of the
WS2 electrode in the portion marked in the red box in (c). .......................................................... 59
Figure 4.2 (a) CV curves of WS2 electrode at different scan rates; Dotted region shows the
distorted part of CV curves; (b) GCD curves of WS2 electrode at different current densities; (c)
Capacitance retention at different cycle numbers for the WS2 electrode; Inset in (c) shows the
Nyquist plots for the WS2 electrode before and after cycling. ..................................................... 60
Figure 4.3 (a) Plot to determine b value by plotting log i vs log v, for a pristine WS2 electrode;
(b) Plot of b vs V for pristine WS2 electrode; (c) Plots of i/υ1/2 and υ1/2 to calculate k1 and k2
xiv

values; (d-f) Calculation of capacitance contribution arising from the capacitive charge storage
(shaded region) and intercalation/deintercalation charge storage mechanisms at a scan rate of 20
mV s-1 for (d) pristine WS2 electrode and (e) 2500 cycled WS2 electrode; (f) Capacitance
contribution (% ) plot for pristine WS2 electrode and that after 2500 cycles. .............................. 64
Figure 4.4 (a,d,g) AFM topographical images of the WS2 electrode at the initial, 2500th, and
10000th cycles. (b,e,h) KPFM signal images of the WS2 electrode at the initial, 2500th, and
10000th cycles showing the relative VCPD measured across the electrode. (c, f, i) Work function
histogram of the WS2 electrode calculated from the KPFM images captured at the initial, 2500th,
and 10000th cycles. ........................................................................................................................ 67
Figure 4.5 Raman spectra of the electrodes (a) as-synthesized, (b) after 2500 cycles and (c) after
10000 cycles.................................................................................................................................. 69
Figure 5.1 Electrode energetics of positive and negative electrode materials (a) Energy level
diagram showing work function difference between positive electrodes like various alkali metal
cation preinserted electrodes including NaMnO2, pristine MnO2, LiMnO2, KMnO2 and a
negative electrode MoO2; (b) Final asymmetric supercapacitor fabricated with wide work
function difference electrodes such as NaMnO2 and MoO2 delivering a high voltage of 2.5 V. . 74
Figure 5.2 KPFM measurement of the average work function of the electrodes: first row: MnO2,
second row: NaMnO2, third row: LiMnO2 and fourth row: KMnO2 (first column: AFM images
(1 µm × 1 µm); second column: corresponding KPFM images (1 µm × 1 µm); third column:
calculated work function. .............................................................................................................. 83
Figure 5.3 Material and structural characterization of NaMnO2 electrode: (a) XRD showing
characteristic peaks of CF and tetragonal NaMnO2, (b) Raman peaks confirming the formation of
xv

tetragonal NaMnO2 nanowall structure, (c) SEM of the NaMnO2 nanowall deposited on CF, (d-i)
SEM-EDAX characterization of NaMnO2 electrode showing the presence of elements C, Mn, O
and Na. .......................................................................................................................................... 86
Figure 5.4 Electrochemical characterization of NaMnO2 electrode in aqueous 1 M Na2SO4
electrolyte: (a) CV profile at various scan rates, (b) Areal and gravimetric capacitance at various
scan rates, (c) GCD curves of NaMnO2 electrode at various current densities, (d) Nyquist plot of
NaMnO2 electrode vs Mn3O4 electrode with inset showing magnified portion of high-frequency
region of NaMnO2 electrode. ........................................................................................................ 88
Figure 5.5 (a) Cycling study of NaMnO2 electrode at the scan rate of 100 mV s-1; (b-c) SEM
image of (c) pristine NaMnO2 electrode and (d) cycled NaMnO2 electrode; (d-f) KPFM
measurement of the work function of cycled NaMnO2 electrode................................................. 89
Figure 5.6 Oxygen evolution studies of various electrodes prepared: (a) three electrode test of all
the electrodes at a scan rate of 10 mV s-1, (b) Demonstration of the oxygen evolution at a voltage
of 1.1 V for KMnO2 and LiMnO2 electrode, (c) CV of various ASC devices at a scan rate of 10
mV s-1 (showing the stable voltage window of NaMnO2//MoO2 at higher voltage). ................... 91
Figure 5.7 Material and structural characterization of MoO2 electrode: (a) XRD showing
characteristic peaks of CF and monoclinic MoO2, (b) Raman peaks confirming the formation of
monoclinic MoO2 structure, (c) SEM of the ordered MoO2 sheath formed around CF, (d-h) SEMEDAX characterization of MoO2 electrode showing the presence of elements C, Mo, and O. ... 93
Figure 5.8 (a) Nyquist plot comparison of unannealed vs annealed MoO2; (b) CV profile
comparison of unannealed vs annealed MoO2 at a scan rate of 5 mV s-1; (c) CV profile recorded
at a scan rate of 5 mV s-1 of MoO2 electrodes prepared at different deposition time; (d) Plot
xvi

showing the time of deposition vs areal capacitance of MoO2 electrode at a scan rate of 5 mV s-1.
....................................................................................................................................................... 94
Figure 5.9 Electrochemical characterization of annealed CF/MoO2 in aqueous 1 M Na2SO4
electrolyte: (a) CV profile at various scan rates, (b) Areal and gravimetric capacitance at various
scan rates, (c) GCD curves of MoO2 electrode, (d) Nyquist plot of MoO2 electrode with inset
showing magnified portion of high-frequency region. ................................................................. 96
Figure 5.10 (a) Cycling study of MoO2 electrode at the scan rate of 100 mV s-1; (b-c) SEM image
of (b) pristine MoO2 electrode and (c) cycled MoO2 electrode. ................................................... 97
Figure 5.11 (a) CV curves of the MoO2 and NaMnO2 electrode in a three-electrode system at a
scan rate of 25 mV s−1; (b) CV curves of the NaMnO2 // MoO2 asymmetric device measured at
different voltage windows at a scan rate of 100 mV s−1. .............................................................. 98
Figure 5.12 Electrochemical characterization of NaMnO2 // MoO2 ASC in aqueous 1 M Na2SO4
electrolyte: (a) CV profile of the device at different scan rates, (b) Areal and gravimetric
capacitance at various scan rates, (c) GCD profile of the device at different current densities, (d)
Nyquist plot of the device, (e) Cycling performance recorded at a scan rate of 100 mV s-1 for
5000 cycles, (f) Ragone plot displaying energy and power density of the NaMnO2 // MoO2
asymmetric supercapacitor in comparison with other reported values of MnO2 and MoO2 based
asymmetric supercapacitor.......................................................................................................... 101

xvii

LIST OF TABLES
Table 2.1 Composition of elements in the VGCF hybrid electrode before (Cycle-0) and after
electrochemical cycling (Cycle-100000). ..................................................................................... 25
Table 5.1 Stable voltage window of various ASC devices with respect to work function
difference of the metal oxide electrodes used. .............................................................................. 99
Table 5.2 Electrochemical performance evaluation of various ASC devices. ............................ 101

xviii

CHAPTER 1
1.1

INTRODUCTION
Motivation

The world’s appetite for energy generation/storage from the renewable sources like solar,
wind, and hydro is directly driven by an exhaustive use of depleting fossil fuels. Unfortunately,
the intermittent nature of these renewable energy sources makes them incompetent for the everincreasing demand for energy.1-2 The development of sustainable energy storage/generation
systems and technologies is critical to reliably cater the commercial/residential energy
requirements and to reduce the severe economic impacts of intermittent energy sources.3
Rechargeable Lithium-ion batteries (LIBs) have already cemented their position as dominant
energy sources powering almost all forms of consumer electronics and electric vehicles (EVs).4-5
Albeit the advantage of being high energy density provider, LIBs have the limitations of poor cycle
life, low power performance, and fire hazards.6 Supercapacitors, also known as ultracapacitors, are
currently being considered as an alternative technology to LIBs since they are safer, pack ~10
times more power density, and last for several tens of thousands to millions of charge/discharge
cycles.7-8 Supercapacitor technology has been improving at a fast pace and are highly reliable as
evidenced by its use in the emergency exits of Airbus 380.2 Similar to batteries, supercapacitors
are electrochemical energy storage devices which constitutes electrodes (anode, cathode),
separator and electrolyte. Unlike batteries, which store energy in the bulk of the electrode material,
the supercapacitors are known to store charges on their surface which allows for rapid charge
discharge capabilities and high power density. One of the major drawbacks of supercapacitors is
their intrinsically low energy density. The limitation is mainly attributed to the purely electrostatic
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storage of charges in electrodes driven by the electrical double layer (EDL) formation, which
strictly requires high surface area and specific pore sizes.9-10 Another group of electrochemical
capacitors (ECs), broadly known as pseudocapacitors, utilize fast and reversible faradaic reactions
on the electrode surface (or near-surface) for charge storage. Supercapacitors with
pseudocapacitive materials can achieve significantly higher energy density compared to EDL
capacitor as they have a variety of oxidation states for redox charge transfer reactions. However,
a relatively low electrical conductivity and poor cycle stability due to slow ion transfer rate are
limitations, hampering their widespread commercial realization.11-12
The recent advancements in the field of flexible and wearable electronic devices, flexible
energy storage devices are attracting considerable attention.13-18 Supercapacitors utilizing flexible
electrodes have received high demand in the scientific community due to their seamless
incorporation in the flexible electronic devices.19-20 Not only the electrodes, the current collector
substrates should also be flexible to achieve the total flexibility. A pre-requisite for a good
supercapacitor for flexible application is that its performance should not be altered at severe
bending and twisting conditions.21-23 Carbon fiber based electrodes have attracted much interest in
the fabrication of flexible supercapacitors as they can easily be incorporated with the wearable
fabrics due to their bendable and flexible nature.24-26 In addition to their flexible nature, they
exhibit good electronic conductivity, high mechanical strength, excellent chemical and
electrochemical stabilities, and light-weight.27-30 They are either used as a substrate for depositing
electrode-active material to synthesize supercapacitor electrodes or current collectors for
supercapacitors. The unique features of CFs mentioned above helps in obtaining high flexibility
and lightweight for the supercapacitors. Other metallic substrates such as nickel foam and tungsten
2

foil have also proved to be excellent current collector which can endure thousands of bending
cycles. As mentioned earlier, the supercapacitors still face the issue of lower energy density, their
performance can be enhanced considerably by engineering the individual components. The energy
density of the supercapacitors which is ½ CV2 shows that it relies heavily on the capacitance (C)
and output voltage (V). These parameters depend on the electrolyte, design assembly and
electrodes employed. The electrolyte plays the vital role since energy is directly proportional to
the square of the voltage. Organic and ionic liquid electrolytes are known to offer high voltage
than aqueous electrolytes as they do not face the water decomposition potential (1.23 V) issue. But
they have disadvantages like high cost, flammability, and poor ionic conductivity. To tackle this
issue, aqueous electrolytes with asymmetric device configuration is followed to enhance the
voltage window beyond 2 V. Finally, the electrodes which involve in charge storage can be
engineered successfully to enhance both the capacitance and voltage, thus achieving higher energy
densities. The electrodes can be engineered to change their work function, they can be
nanostructured to achieve high capacitance and aligned on current collectors to achieve a stable
structure for high cycle life applications.

1.2

High Cycle Life Flexible Supercapacitors

In recent years, two-dimensional (2D) materials have drawn considerable attention as
supercapacitor electrode materials. 2D materials are ultrathin layered crystals which show unusual
physiochemical properties at single or few-atom thickness. 2D materials offer several key
advantages for next generation electrochemical devices; (i) atomically thin 2D nanosheets provide
a larger surface area due to complete exposure of the surface atoms, (ii) the edge sites in 2D
3

nanosheets are chemically more reactive than basal planes and open van der Waals gaps for the
intercalation of electrolyte ions to manifest excellent capacitive properties. Moreover, the high
mechanical strength and flexibility at atomic dimensions make the intriguing back up devices for
next generation wearable electronics. Among these 2D materials, graphene oxide evolved as a
promising supercapacitor electrode material in the recent past due to its large surface area,
excellent electronic conductivity, and attractive chemical and electrochemical stabilities.31-32
Pristine graphene electrodes store charges by the EDL formation at the electrode/electrolyte
interface. But in cases where surface functionalization, heteroatoms, and defect sites are present,
graphene electrodes exhibit faradaic charge storage too. The major non-faradaic contribution from
graphene oxide electrode helps to maintain the electrochemical stability in achieving higher cycle
life. The cycle life of an energy storage device is a vital parameter that has a huge impact on the
economy and the environment. A high cycle life energy storage device is desired as it eliminates
the need for frequent replacement or recycling of the device. But the restacking issues in graphene
oxide electrodes lead to reduced surface area and poor charge storage over the period of time. In
the second chapter of this dissertation, an electrophoretic deposition pathway is explored to
develop a very stable graphene oxide electrode with 100,000 electrochemical cycles.33 This unique
electrophoretic deposition which involves simple apparatus can be used for developing large area
electrodes in a high scale production unit. Through this technique, graphene oxide nanosheets are
vertically attached and aligned on conductive carbon fibers to develop a symmetric supercapacitor.
The vertical attachment of the graphene oxide nanosheets allows for the electrolyte ions to
intercalate and deintercalate without disrupting the nanostructure, thus assisting in achieving an
ultra-long cycling stability. Also, the Ni(OH)2 nanoparticles which hold the graphene oxide
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nanosheets with carbon fiber serves a dual role as a firm binder and faradaic material. This
electrode forms a conductive 3D mesoporous structure which can directly employed as electrode
as well as can be employed as a template for depositing other high capacitive materials.34 Further,
avoiding non-conductive polymer binders in the electrode fabrication process helps in achieving
very high flexibility. Such direct active material deposition approaches on current collectors are
carried out in all the electrodes synthesized as shown in chapters 2 to 5. The flexible electrodes
play vital role in developing flexible and wearable energy storage devices which powers next gen
smart wearable electronics.

1.3

All 2D Asymmetric Supercapacitor

Beyond graphene oxide, a large family of 2D materials have been emerging as viable
electroactive components for next-generation energy storage devices. Among the 2D
nanomaterials, transition metal dichalcogenides (TMDs) such as tungsten disulfide (WS2),
molybdenum disulfide (MoS2) or molybdenum diselenide (MoSe2) have attracted significant
attention as capacitive materials.15, 35-37 2D TMDs are layered materials in which a unit cell is
composed of a transition metal (M) layer sandwiched between two chalcogen (X) layers in the
form of MX2 (where M: Mo, W and X: S, Se, or Te).38-39 The large surface area and variable
oxidation states in TMDs allow electrical double-layer and fast/reversible redox charge storage
mechanisms. In addition, 2D TMDs exhibit high electrochemical activity derived from their edge
sites, which offer large energy storage capability in supercapacitors.40-43 Despite a plethora of
research conducted on monolithic 2D TMDs based supercapacitor electrodes, their
electrochemical performance is often limited by poor cycle life, inherently low electrical
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conductivity, large volume change during cycling, and restacking.44-45 This led to developing
hierarchical 1D/2D core/shell nanowire WO3/WS2 electrode. The robust 1D WO3 core
nanostructure provides good electronic conducting pathway from the surrounding active 2D WS 2
shell. Also, the structure stays stable for a long time providing an unprecedented 10,000 charge
discharge cycles. Such an electrode when combined with another 2D rGO electrode brings the
advantage offered by two different two dimensional materials such as high surface area, good
energy density, stable cycling performance and flexible storage devices.. A one of a kind all 2D
asymmetric supercapacitor developed using these two electrodes as shown in chapter three
exhibited a voltage of 1.5 V in an aqueous electrolyte with more than 70% capacitance retention
after 10,000 cycles.

1.4

Qualitative Investigation of Cycle Life of Electrode Materials

Although these 2D nanomaterials offer a lot of advantages, they still undergo structural
and chemical changes during cycling process. The importance of energy storage devices with a
longer cycle life is discussed earlier. An excellent cycle life would benefit in averting regular
replacement of dead devices, reduce expenses related to recycling and disposal of dead
supercapacitors or batteries. In recent times, the scientific community has been investing a lot of
effort in the development of long-lasting and stable electrode materials. These efforts focus on
developing stable nanostructures or hybrid electrode materials for improving the conductivity,
surface area, areal or specific capacitance, cycle life, etc. Most of these efforts do not investigate
in-depth the structural or chemical changes occurring at the nano-level of the electrode. These
changes are responsible for the inferior or superior performance of the electrodes. This stresses the
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need for developing a qualitative analysis for investigating the actual reason behind the electrode’s
performance change during cycling. One such change observed in the supercapacitor electrodes is
the increase in capacitance over cycling. A common reason for the increase in capacitance over
cycling is provided as the surface wetting of electrodes and overall activation of the
electrochemically active sites. Discovering the fundamental reason behind the performance change
in electrodes during cycling is critical in designing better-performing electrochemical storage
devices. Qualitative analysis procedures should be established for investigating the chemical or
structural changes of the electrode during cycling. In the fourth chapter, a tool such as Kelvin probe
force microscopy and Raman spectroscopy are used to investigate the surface level changes in 2D
WS2 electrode. This study helped to understand the strain developed in the WS2 layers during
cycling and their effect on capacitance retention. This study could pave the way for understanding
various materials undergoing modifications during cycling.

1.5

Work Function and Voltage Window Relation in Supercapacitors

Transition Metal Oxides and Hydroxides (TMOs and TMHs), a class of pseudocapacitive
electrode materials commonly used in bulk forms, have intrinsically low electronic conductivities
limiting fast ion diffusions, which makes them incompetent for high-rate performances. However,
developing TMOs and TMHs in the form of 2D nanostructures as nanofilms, nanosheets,
nanoflakes, nanoplatelets, nanopetals, nanobelts, etc. significantly alters their inherent properties
compared to their bulk counterparts. These nanostructures often provide high conductivity, easy
ion diffusion and improved mechanical integrity.46-49 Hence, an array of novel electrode materials
exhibiting EDLC or pseudocapacitive charge storage mechanism are currently being developed
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for high performance supercapacitors. Beyond materials development, synthesis of hybrid
electrode materials comprising two or more electrochemically active 2D nanomaterials (EDLC or
pseudocapacitive) in the form of composites, core/shell structures, and heterostructures have been
simultaneously pursued.43, 50-51 These hybrid designs introduce more electrochemical active sites,
improve rate capability, and enhance the cycle stability in supercapacitors owing to synergistic
effects enabled by high quality heterointerfaces, tunable electronic/chemical properties, as well as
high structural stabilities. Nevertheless, the construction of novel supercapacitor device
configuration using these electrodes is gaining significant attention as the variables responsible for
high energy density devices not only rely on the capacitive performance of the electrode, but also
on the higher operational voltage window (i.e. Energy density ⁓ 1/2CV2,8 where C is the
capacitance, V is operation voltage). From the expression, it is obvious that enhancing the energy
density is highly dependent on the working voltage window. For example, asymmetric
supercapacitor device configuration utilizing two dissimilar electrodes having dissimilar voltage
windows has enabled a significant boost in the energy density of supercapacitors in the past few
years.52-53 The voltage window of supercapacitor depends on the work function difference between
the anode and the cathode. The larger is the work function difference, the wider is the voltage
window delivered by the supercapacitor. Hence along with nanostructuring the electrodes,
engineering their work function enables in improving the voltage window and energy density. The
fifth chapter discusses the work function and voltage window relation in supercapacitor. Through
work function tuning of MnO2 by cation preinsertion, it has been found that coupling the
NaMnO2 electrode and MoO2 electrode provides a large work function difference of 2.00 eV,
which makes this an ideal approach for developing a high-voltage asymmetric supercapacitor.54
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This large work function difference offered by the asymmetric NaMnO2//MoO2 device delivered
a high voltage of 2.50 V and a gravimetric energy density of 78 Wh kg–1 in 1 M Na2SO4 aqueous
electrolyte.
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CHAPTER 2
VERTICALLY ALIGNED GRAPHENE CARBON FIBER
HYBRID ELECTRODES WITH SUPERLONG CYCLING STABILITY
FOR FLEXIBLE SUPERCAPACITORS
The work presented in this chapter has been published in
Small, 2019, 15, 1902606.
DOI : 10.1002/smll.201902606
Reproduced with permission from John Wiley and Sons.
2.1

Introduction

The emerging wearable electronic devices require flexible and wearable energy devices to
power them. A major challenge for an energy storage device to be used in wearable devices is the
toxicity of the components used. Organic electrolytes typically used in energy storage devices like
Li-ion batteries, are not an ideal choice for powering wearable devices since they are highly
flammable and toxic. Therefore, supercapacitors made with aqueous electrolytes are the best
choice for wearable applications.55 For easy integration with flexible and wearable devices, fibertype supercapacitors are preferred over currently available can-type commercial supercapacitors
since they can be easily weaved or knitted with the fabric/textile. Fibers such as Kevlar fibers56,
metal fibers57, carbon nanotube (CNT) fibers58, graphene fibers59, and carbon fibers (CFs)60-61 are
used in the recent past to prepare wearable supercapacitor electrodes. Breathable and wearable
supercapacitors were fabricated using flexible paper electrodes consisting of CNTs and manganese
dioxide.62 Flexible and stretchable supercapacitors are hot topic for the next generation flexible
and wearable electronic devices.63-65 Among the fibers, CF received considerable attention due to
their low density, good electrical conductivity, low cost, easy processability, scalability, good
mechanical strength, etc. The CFs based supercapacitors exhibited excellent flexibility with high
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specific capacitances. In addition to providing electrochemical double layer (EDL) capacitance,
they can host other electrode-active materials which can store charges either by faradaic or nonfaradaic mechanisms. However, synthesizing flexible electrodes for supercapacitors is wearisome
due to many reasons. A major problem is the required bendability of the current collector electrode
as many of the current collectors are made of rigid metallic plates.66-69 An yet another issue is the
detachment of the electrode-active material deposited on the current collector while bending the
supercapacitor during its service time. An easy solution is the deposition of the electrode-active
material on an electrically conducting fiber substrate and uses this as the current collector of the
supercapacitor. The electrode-active material coated on the substrate should have good adhesion
so that it cannot be delaminated during severe bending and twisting conditions. Metallic substrates
are least preferred for flexible supercapacitors due to high density, and inability to achieve high
flexibility.
Carbon nanomaterials based materials like CNTs,70 carbon nanofibers,71 reduced graphite
oxide,72 carbon nano-onions,73 graphene,74 etc. are proven electrode-active materials to achieve
high specific capacitance. Among these, graphene based supercapacitor electrodes can deliver high
specific capacitances due to the large surface area, but in most cases the surface area of the
graphene sheets is hindered by restacking of the individual nanosheets. These restacking of pristine
graphene sheets results in low specific capacitance due to the low surface area. Typically, graphene
electrodes exhibit a specific capacitance less than 200 F g-1. For example, graphene synthesized
from graphite oxide (169 F g-1),74 porous graphene obtained by MnO2 etching (67 F g-1),75 argon
plasma synthesized graphene (210 F g-1),76 nitrogen and boron co-doped graphene aerogels (62 F
g-1),77 KOH-modified graphene (136 F g-1),78 solvothermally synthesized graphene (186 F g-1),79
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graphene/polypyrrole composite (165 F g-1),80 etc. showed average specific capacitance. To
address this issue, various strategies are adopted to functionalize the graphene surface. But all
these processes are time consuming, tedious, and adversely affect the cycle life of the electrodes.
A typical cycle life of graphene electrodes is less than 10000 cycles.74-81 However, supercapacitors
need to undergo several tens of thousands of cycles during its service period.
Currently, a major problem for graphene-based supercapacitors is the restacking of the
layers once made into a supercapacitor even though the 2D surface area of individual graphene
sheets is very high. A simple strategy to vertically attach graphene sheets on CF to avoid its
restacking problem and exposing the surface area to electrolyte is currently lacking. Such
electrodes can be very beneficial to make flexible textile supercapacitors with high capacitance
and superlong cycle stability.82-83 This motivated us to prepare highly bendable carbon fiber (CF)
electrodes with graphene sheets vertically-aligned and attached to it to make highly mesoporous
vertically-aligned graphene–carbon fiber (VGCF) hybrid. The 3D mesoporous VGCF hybrid
electrode architecture is achieved by electrophoretically depositing graphene sheets on CF
substrate using nickel ions as the charged elements in the deposition bath.

2.2

Experimental Section
2.2.1

Materials

CFs were purchased from Fibre Glast, USA. Graphene (product no: N002-PDR-HD, batch
no: 1710261A, average lateral dimension: 4 μm, thickness: 0.35 - 2 nm, oxygen content: < 2.5%,
specific surface area: 400 - 800 m²/g) obtained from Angstron Materials, Global Graphene Group
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Inc, USA. Nickel nitrate hexahydrate [Ni(NO3)2.6H2O] and isopropyl alcohol were purchased
from Sigma-Aldrich, USA.
2.2.2

Synthesis of VGCF Hybrid

The VGCF was synthesized by a simple electrophoretic deposition method. Initially, 20
mg of graphene and 5 mM of Ni (NO3)2.6H2O dispersed in 50 ml isopropyl alcohol are mixed well
via ultrasonication for 30 minutes. A two-electrode cell configuration was used for depositing
graphene nanosheets on CF substrate in which the CF substrate served as the working electrode
and platinum foil as the counter electrode. The vertically stacked graphene nanosheets were
deposited on CF substrate by applying a constant D.C. voltage of 50 V for a period of 30 minutes
with the help of a D.C. power supply (TekPower TP12001X 120V DC Variable Switching Power
Supply Output 0-120V @1A). The VGCF thus obtained was dried in an oven at 100oC for 2 hours
prior to use as electrode-cum-current collector for fabricating the flexible supercapacitor.
2.2.3 Materials Characterizations
The surface morphology of the VGCF hybrid was characterized by SEM (Zeiss ULTRA55 FEG SEM) and AFM (Anasys Instruments NanoIR2). Raman spectroscopic analysis was
carried out using Renishaw RM 1000B Micro-Raman Spectrometer with Ar - 514 nm excitation
unit. The electrochemical studies of VGCF hybrid electrodes and supercapacitor cell were
examined using an electrochemical workstation (Bio-Logic Science Instruments, model SP-150).
The mass of CF substrate before and after the deposition of graphene sheets was taken using a
microbalance (Mettler Toledo NewClassic MF, model MS 104S/03) to estimate the mass of the
active materials used in the supercapacitor electrodes. The mass of electrode-active materials
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(graphene and nickel hydroxide) is 1.5 mg in the VGCF hybrid electrode, and the mass of carbon
fiber current collector is not considered.
2.2.4

Assembly of VGCF All-Solid-State Supercapacitor

Sandwich-type symmetric supercapacitor cell was assembled using two identical VGCF
as electrode-cum-current collector. During the synthesis of VGCF hybrid electrode, a portion of
the CF substrate was left uncoated with the active material and this portion was used for connecting
current collector leads for the supercapacitor cell. No separate current collectors were used in this
study. The Whatman™ filter paper served as the separator membrane and 1 M H3PO4/polyvinyl
alcohol gel was used as solid-state electrolyte.
2.2.5

Electrochemical Characterizations

The VGCF hybrid electrodes were characterized by electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
measurements in a three-electrode cell compartment. Here, VGCF was used as the working
electrode, platinum foil as the counter electrode and Ag/AgCl (in 1 M KCl) as the reference
electrode. The electrolyte used for the testing was 1 M H3PO4. The EIS measurement was
performed with the frequency range from 106 – 0.1 Hz at 0.2 V. The CV study was performed in
a potential window from 0 – 1 V for the single electrode testing in a three-electrode configuration
whereas it was from 0 – 1.6 V for the all-solid-state symmetric supercapacitor cell (ASSC). The
scan rates opted for the CV studies were 100, 50, 25, 10 and 5 mV s-1. The GCD measurement was
also carried out in a voltage window of 0 – 1.0 V for the individual VGCF hybrid electrodes and
0 – 1.6 V for the flexible VGCF ASSC.
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2.2.6

Supercapacitor Bending Test

The flexibility of the VGCF ASSC was tested by bending the supercapacitor at various
angles such as 0

o

(straight position), 30 o, 45 o, 90 o, 135

o

and 180o. The CV study of the

supercapacitor cell was performed while bending the supercapacitor at different bending angles at
a constant scan rate of 100 mV s-1.

2.3

Results and Discussion

The details for preparation of VGCF hybrid electrode by electrophoretic deposition are
schematically shown in Figure 2.1 (a-c). Earlier, a method of electrophoresis was used to deposit
activated carbons84 and carbon nanotubes85 on electrically conducting substrates. Electrophoresis
has advantages such as short deposition time, simple apparatus for deposition, scalable synthesis,
etc. CF with average diameter ~ 6 µm was used as substrate for the deposition of graphene sheets
(Figure 2.1 a). Electrophoretic deposition of vertically-aligned graphene sheets is achieved via
transport of positively charged graphene sheets adsorbed with nickel ions towards the CF negative
electrode via deposition of graphene sheets with charge neutralization under the application of a
D.C. voltage of 50 V (Figure 2.1 b). The 3D nanostructure of the VGCF hybrid obtained after 30
minutes is shown in Figure 2.1 c. Depositing graphene on CF substrate enables easy and fast
transport of electrons from the graphene to the CF current collector and is schematically shown in
Figure 2.1 d. It is three-dimensional (3D) (as shown in Figure 2.1 c) but to show the electron
transport, it is represented as 2D. Here, the VGCF is further used as electrode-cum-current
collector to fabricate a fully flexible VGCF all-solid-state supercapacitor (ASSC). Since no
separate current collector is used in the fabrication of the supercapacitor, the total weight of the
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supercapacitor is substantially reduced unlike in the case of a supercapacitor with metallic current
collectors. The VGCF ASSC displayed a specific capacitance of 213.5 F g-1 with a high
gravimetric energy density of 76 Wh kg-1 in polyvinyl alcohol (PVA)/H3PO4 gel electrolyte.

Figure 2.1 Schematic showing the preparation of VGCF hybrid electrode. (a) CF used as the
substrate for electrophoretic deposition; (b) electrophoretic deposition at which CF used as the
negative electrode, platinum sheet as the positive electrode and a bath consisting of graphene
sheets dispersed in isopropyl alcohol with nickel nitrate hexahydrate; (c) VGCF hybrid electrode
obtained after the electrophoretic deposition. (d) Schematic diagram representing an easy and fast
electron transport from the graphene to CF current collector.
Figure 2.2 a shows the bright-field transmission electron microscope (TEM) image of the
pristine graphene sheets used in the preparation of VGCF hybrid. The surface morphology of the
VGCF hybrid was analyzed using scanning electron microscope (SEM) imaging. Figure 2.2 (bc) show the SEM images of the VGCF hybrids at different magnifications. Here, CF functions as
the large surface area-providing electrically conducting backbone for the deposition of graphene
sheets. The high-resolution SEM image of VGCF hybrids (Figure 2.2 c) shows a mesoporous
architecture formed by the vertical stacking of graphene sheets on the CF substrate. The 3D
mesoporous electrode architecture is essential for the fast movement of electrolyte-ions through
the pores for enhancing the charge storage either by the EDL formation or by performing faradaic
reactions.
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Figure 2.2 (a) Bright-field TEM image of graphene sheets before electrophoretic deposition (scale
bar: 100 nm); (b, c) SEM images of VGCF hybrids at different magnifications (scale: (b) 5 µm,
(c) 200 nm)); 3D topographical AFM image of VGCF hybrid (d) before and (e) after
ultrasonication; (f) HAADF STEM image (scale: 100 nm), and (g-j) STEM EDS elemental
mapping of a vertically-stacked graphene nanosheet: (g) STEM EDS mapping image of portion
marked in Figure 2.2 f, and STEM EDS elemental mapping images of (h) carbon, (i) nickel, and
(j) oxygen.
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The attachment of graphene sheets on CF substrate is found to be very strong due to the
inclusion of nickel nanoparticles. To examine the adhesion strength of the graphene sheets on the
CF substrate, we have ultrasonicated the VGCF hybrid for a period of 30 minutes. The surface
topography of the VGCF hybrid nanostructure was examined before and after the ultrasonication
using atomic force microscope (AFM) imaging. The 3D topographical AFM images of the VGCF
hybrid nanostructure before and after the ultrasonication are depicted in Figure 2.2 (d-e),
respectively. It is evident from these AFM images that the vertically-aligned graphene on CF is
still intact. It is also obvious that VGCF hybrid exhibits a mesoporous nanostructure. From the
high-angle annular dark-field scanning TEM (HAADF-STEM) image of VGCF hybrid shown in
Figure 2.2 f, it is apparent that the graphene sheets are decorated with nickel hydroxide
nanoparticles (the formation of nickel hydroxide is confirmed by X-ray photoelectron
spectroscopy (XPS), which will be discussed later). The STEM energy dispersive X-ray
spectroscopy (EDS) elemental mapping (Figure 2.2 (g-j)) and EDS spectrum (Figure 2.2 k)
confirms the presence of nickel in the VGCF hybrids after the deposition. To estimate the surface
area, pore volume and pore-size of the VGCF hybrid, Brunauer-Emmett-Teller (BET) surface area
measurement is performed using nitrogen as the adsorbed gas. The nitrogen-sorption isotherms of
VGCF hybrid (Figure 2.3 a) indicates that the sorption process is of type V in nature, which
demonstrates the capillary condensation of gas within the opened-pores of vertically-stacked
graphene sheets. The BET surface area of the VGCF hybrid is found to be 54.59 m2/g. The average
pore diameter of VGCF hybrid is calculated from the Barrett–Joyner–Halenda (BJH) pore-size
distribution curve (Figure 2.3 b) and an average pore radius of 2 nm (or an average pore diameter
of 4 nm). The pores within the VGCF hybrid lie in the mesopore range, which is suitable for
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obtaining high specific capacitance for the supercapacitor electrodes. The total pore volume of
VGCF hybrid is found to be 2.508 x 10-2 cm3 g-1 for pores smaller than 2.6 nm (diameter) at P/Po
= 0.30242.

Figure 2.3 (a) Nitrogen-sorption isotherms and (b) BJH pore-size distribution curve of VGCF
hybrid.
The structure of the VGCF hybrids is examined by Raman spectroscopy, which is a
versatile tool to investigate the structure of materials. The signature Raman spectra of the CF,
graphene sheets and the VGCF hybrid are depicted in Figure 2.4 a. The characteristic peaks
located at 1365 cm-1 and 1608 cm-1 corresponds to D-band and G-band of the graphitic carbon
respectively. D-band represents various types of defects and lattice distortions whereas G-band
shows the graphitic nature of graphene. The ratio of intensity of D-band (ID) to G-band (IG) for
pristine graphene sheets and VGCF are 0.68 and 0.78, respectively. A comparatively higher ID/IG
ratio observed in the case of VGCF is due to the incorporation of α-Ni(OH)2 nanoparticles on the
surface of graphene sheets. Graphene sheets can experience small amount of defects as the lattice
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may get strained upon the α-Ni(OH)2 deposition, which leads to a higher ID/IG ratio when compared
with the pristine graphene sheets and CF substrate.

Figure 2.4 (a) Fingerprint Raman spectra of CF, graphene sheets and VGCF hybrid; (b, c) XPS
analysis of pristine graphene sheets: core-level XPS (b) C1s spectra, (c) O1s spectra of pristine
graphene sheets; (d-f) XPS analysis of VGCF hybrid before and after electrochemical cycling:
core-level XPS (d) C1s spectra, (e) O1s spectra, and (f) Ni2p spectra of VGCF hybrid electrode
before (pristine electrode) and after the electrochemical cycling (after 100000 cycles).
The surface chemical features of the pristine graphene sheets used in the preparation of
VGCF hybrid is examined by XPS analysis. The core-level XPS C1s spectrum of pristine graphene
sheets shown in Figure 2.4 b fitted with three peaks positioned at 284.26, 285.17, and 287.48 eV
are corresponding to sp2 hybridized carbon, sp3 hybridized carbon and carbon atoms bonded with
oxygen, respectively.86 This shows the presence of oxygen-containing groups on the surface of
graphene sheets. To distinguish various oxygen functional groups, the core-level XPS O1s
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spectrum is recorded for the pristine graphene nanosheets as shown in Figure 2.4 c. The O1s
spectrum can be fitted with three peaks positioned at 531.79, 532.64, and 533.89 eV, respectively
and are corresponding to C-O-C, C=O, and C-OH groups, respectively.86 The core-level XPS
spectral analyses clearly shows that surface of pristine graphene sheets are modified by various
oxygen-containing surface moieties. These oxygen functional groups are an added advantage to
the supercapacitor electrode as the charge storage can get enhanced by the faradaic charge storage
possessed by these groups.
The electrochemical performances of the VGCF hybrid supercapacitor electrodes are
evaluated by electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and
galvanostatic charge-discharge (GCD) measurements. EIS is a versatile tool in determining the
electrochemical series resistance (ESR) of the supercapacitor cell. Figure 2.5 a shows the Nyquist
plot of the VGCF hybrid electrode and the magnified high-frequency region of the Nyquist plot is
given as an inset image. The VGCF hybrid supercapacitor electrodes exhibited an ESR of 350 mΩ
because of the direct attachment of graphene on CF. Figure 2.5 b represents the CV curves of the
VGCF hybrid supercapacitor electrodes at different scan rates. The CV curves show a typical
rectangular nature that depicts the EDL charge storage mechanism but a slightly sloped curve with
small amount of reduction/oxidation represents faradaic mechanism. Hence, the hierarchical
VGCF hybrid supercapacitor electrodes exhibit hybrid type charge storage in which both nonfaradaic and faradaic mechanisms are involved. The faradaic charge storage is exhibited by the
oxygen-containing surface functional groups on the VGCF hybrid electrode. The shape of the CV
curves remains the same at higher scan rates which shows the high rate performance and excellent
ionic transport of the VGCF hybrid electrodes. A maximum specific capacitance of 333.3 F g-1 is
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obtained for the VGCF hybrid electrode at a scan rate of 3 mV s-1. Such a high capacitance is
attributed to the faradaic charge storage possessed by the VGCF hybrid electrode. Recently, He et
al. have studied the effect of oxygen-containing surface functional groups on the carbon surface
on the electrochemical performance of the supercapacitor electrode and found that the specific
capacitance of the electrode gets improved from the enhanced redox reactions possessed by the
oxygen functional groups.87 Hence in the present study, it is confirmed that the enhanced
performance is due to the oxygen functional groups on the graphene surface as evident from the
EDS and XPS analysis. The GCD curves obtained at different current densities (Figure 2.5 c)
represents nearly identical charge and discharge features of the VGCF hybrid electrodes. The GCD
curves clearly show a combined EDL and faradaic charge storage mechanisms.
The cycle life of supercapacitor electrode materials is a very important parameter which is
critical for commercial capacitors. The electrochemical life of the VGCF hybrid electrodes was
determined by performing CV study at a scan rate of 100 mV s-1 for continuous 100000 cycles.
The retention of capacitance (C) of the VGCF hybrid electrodes at different cycle numbers with
respect to the first cycle (Co) is depicted in Figure 2.5 d. From this figure, the VGCF hybrid
electrodes exhibited a superlong cycling stability with 100% capacitance retention even after
100000 continuous cycles. The electrode should retain its nanostructure to attain a 100%
capacitance retention after the cycling study. A lower cycling stability along with diminished
capacitance for many of the supercapacitors reported in the literature is mainly due to the
degradation in the electrode-active material and/or the porous electrode structure due to prolonged
cycling.88-92 But the VGCF hybrid electrode exhibited no such degradation even after 100000
cycles due to the better adhesion of graphene sheets on CF substrate. Also, the vertical stacking
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allowed the ions to freely move in and out of the graphene sheets without causing any damage to
the active material. This enabled us to obtain an excellent electrochemical cycling stability. The
structure of the VGCF hybrid electrode after completing 100000 cycles is examined using SEM
imaging. For comparison purpose, the SEM images obtained before and after 100000 cycles are
depicted in Figure 2.5 e and 2.5 f, respectively. From these images, it is evident that the
morphology of the VGCF hybrid electrode is unaltered and exhibited an open porous structure
even after 100000 electrochemical cycles. The morphology of the VGCF hybrid electrode after
cycling is found different from the pristine electrode before cycling as the former exhibited a more
porous electrode architecture. The electrochemical cycling has envisaged opening-up of pores and
a more porous architecture is achieved for the VGCF hybrid electrode. This is the main reason
behind attaining a 100% capacitance retention even after completing 100000 cycles. To compare
the ESR of the VGCF hybrid electrode before and after cycling, EIS analysis was performed.
Figure 2.5 g represents the Nyquist plot of VGCF hybrid electrode before and after the
electrochemical cycling and no significant change in the nature to the Nyquist plot can be observed.
This shows the good electrochemical cycling stability of the VGCF hybrid electrode. The VGCF
hybrid electrodes exhibited a comparatively lower ESR of 200 mΩ after cycling (Figure 2.6
a).This may be due to the continuous shuttling of the electrolyte ions during the cycling, which
causes opening of the pores within the VGCF hybrid electrode thereby a decrease in resistance is
observed.93 The CV curves before and after the cycling study (Figure 2.6 b) shows a difference in
their profiles. This may be due to the surface activation process of the VGCF hybrid electrode
caused due to the continuous shuttling of electrolyte ions towards in and out from the electrodes
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and such a change in the CV profile is very common in the case of supercapacitor electrode cycling
as can be seen in various literatures.94-98

Figure 2.5 (a) Nyquist plot (inset: Nyquist plot in the high-frequency region); (b) CV curves at
different scan rates; (c) GCD curves at different current densities of VGCF hybrid electrode in
aqueous 1 M H3PO4 electrolyte; (d) Specific capacitance retention plot for the VGCF hybrid
electrode when cycled at a scan rate of 100 mV s-1 for continuous 100000 cycles in aqueous 1 M
H3PO4 electrolyte; SEM images of the VGCF hybrid electrode at (e) cycle-0 and (f) after cycle100000 (scale: 200 nm); (g) Nyquist plot of the VGCF hybrid electrode at (e) cycle-0 and (f) after
cycle-100000.

24

Figure 2.6 (a) Nyquist plot of the VGCF hybrid electrode after completing 100000 cycles and (b)
CV curves of the VGCF hybrid electrode at its first and 100000th cycles.
Table 2.1 Composition of elements in the VGCF hybrid electrode before (Cycle-0) and after
electrochemical cycling (Cycle-100000).
Elements

VGCF hybrid (Before Cycling)
(Atomic %)

VGCF hybrid (After
Cycling) (Atomic %)

Carbon

49.02

49.61

Oxygen

36.28

35.92

Nickel

12.97

12.09

Nitrogen

1.73

2.38

In order to understand the composition and the surface chemical features of the VGCF
hybrid electrode before and after the electrochemical cycling, we have once again performed the
XPS analysis. The XPS spectra are recorded for the VGCF hybrid electrode before (cycle-0) and
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after (cycle-100000) the electrochemical cycling. The compositions of various elements present in
the VGCF hybrid electrode obtained from the XPS analysis is given in Table 2.1. The presence of
nitrogen in the VGCF hybrid electrode arises from the CF and we have used a polyacrylonitrile
(PAN)-based one for this study. PAN-based CFs are rich with nitrogen. It can be observed that the
composition of the VGCF hybrid electrode remains almost same except a small change after
completing its 100000 cycles. Figure 2.4 (d-e) represents the core-level XPS C1s and O1s spectra
of the VGCF hybrid electrode before and after the electrochemical cycling, respectively. The
nature of these spectra is found different from the pristine graphene sheets used in the preparation
of VGCF hybrid (Figure 2.4 (b-c)). As compared to the VGCF hybrid before cycling (cycle-0),
the C1s spectra of the VGCF hybrid electrode after 100000 cycles shift toward higher binding
energies and become wider. A positive shift of 0.74 eV is observed in the case of XPS C1s spectra.
A similar shift towards higher binding energy can also be observed from the XPS O1s spectra too
(Figure 2.4 e). A positive shift of 0.89 eV can be observed for the O1s spectra after cycling the
VGCF hybrid electrode. To investigate the reason behind this shift, the XPS spectra of nickel is
recorded. Figure 2.4 f represents the core-level XPS Ni2p spectra of the VGCF hybrid electrode
before and after the electrochemical cycling. Surprisingly, both the spectra are corresponding to
α-Ni(OH)2 instead of the expected nickel metal. Since we have used nickel nitrate hexahydrate in
the electrophoretic deposition bath, which is the reason behind the formation of Ni(OH)2 instead
of nickel metal as such. In the case of VGCF hybrid electrode before cycling, the core-level XPS
Ni2p spectrum exhibits four prominent peaks positioned at 854.9, 860.56, 872.37, and 878.99 eV
are attributed to the Ni2p3/2, Ni2p3/2 satellite, Ni2p1/2 and Ni2p1/2 satellite, respectively and wellmatched with the binding energies of the α-Ni(OH)2 in the literature.99-100 It is to be noted here that
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nickel oxide is not formed but α-Ni(OH)2 is formed due to the deposition of hydrated-nickel ions
present in the deposition bath. After completing 100000 cycles, these peaks are found to be shifted
slightly towards higher binding energy in which the peaks are positioned at 855.47, 861.37, 873.30,
and 879.61 eV for the Ni2p3/2, Ni2p3/2 satellite, Ni2p1/2 and Ni2p1/2 satellite, respectively. Due to
the deposition of α-Ni(OH)2 nanoparticles on the surface of graphene sheets, the XPS spectra of
VGCF hybrid electrode shifted towards higher binding energy side due to the change in its
electronic state. The deposition of α-Ni(OH)2 nanoparticles donate electronic density to the
graphene sheets, and the filling of previously empty states causing a raise in the Fermi level.101
Similar changes in the electronic structure of the graphene sheets upon foreign atom deposition is
well studied in the literature.102-103 A contribution to the total capacitance is provided by the αNi(OH)2 nanoparticles as they exhibit faradaic charge storage by taking part in the redox-reactions
with the electrolyte. Hence, it can be said that the specific capacitance of the VGCF hybrid
electrode is the sum of EDL charge storage possessed by pristine graphene sheets, and the faradaic
charge storage exhibited by both the oxygen functional groups on the surface of graphene sheets,
and the faradaic charge storage possessed by the α-Ni(OH)2 deposited on the graphene sheets.
As the VGCF hybrid electrode exhibits long-lasting electrochemical performance hence
are potential candidates for application in supercapacitors with long cycle life. To test the
practicality of the VGCF hybrid electrode, we have fabricated a symmetric-type supercapacitor
cell using two identical VGCF hybrid electrodes and aqueous 1 M H3PO4 aqueous electrolyte.
Figure 2.7 a shows the Nyquist plot of the VGCF hybrid supercapacitor and the Nyquist plot at
high-frequency region is given as an inset image. The Nyquist plot of the VGCF hybrid
supercapacitor exhibited a high ESR when compared with the VGCF hybrid electrode obtained in
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the three-electrode cell configuration. The CV curves (Figure 2.7 b) of the VGCF hybrid
supercapacitor exhibits redox characteristics of the VGCF hybrid electrodes due to the faradaic
charge storage possessed by the oxygen-containing surface functional moieties present on the
graphene sheets as well as the α-Ni(OH)2 nanoparticles deposited on the graphene sheets. In
addition to the capacitance contribution from the pristine graphene sheets and α-Ni(OH)2
nanoparticles, there can be charge storage from the CF substrate too. To estimate the contribution
from the CF substrate, a symmetric supercapacitor cell was fabricated using two identical (of the
same dimensions of VGCF hybrid supercapacitor cell) pristine CF electrodes. The pristine CF
supercapacitor cell was tested in 1 M H3PO4 aqueous electrolyte by performing CV at a scan rate
of 25 mV s-1. The CV curves of both the VGCF and pristine CF supercapacitor cells were compared
(Figure 2.7 c) and no significant contribution to the total capacitance was observed. Hence it can
be said that the contribution of capacitance is mainly from the EDL-faradaic contribution from
graphene sheets and only a negligible contribution from the CF current collector is present. The
VGCF hybrid supercapacitor exhibited a maximum specific capacitance of 172 F g-1 at a scan rate
of 5 mV s-1 in 1 M H3PO4 aqueous electrolyte. The 3D mesoporous architecture of the VGCF
hybrid electrode has enhanced the faradaic reactions between the electrode-active material and the
electrolyte ions. The GCD curves (Figure 2.7 d) of the VGCF hybrid supercapacitor represents
typical charge/discharge profiles of a supercapacitor with two distinguishable slopes. These two
slopes are due to the two different charge storage viz. EDL and faradaic mechanisms exhibited by
the VGCF hybrid electrode.
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Figure 2.7 (a-d) Electrochemical performances of VGCF hybrid supercapacitor: (a) Nyquist plot
(inset: enlarged portion in the high-frequency region), (b) CV curves at different scan rates, (c)
Comparison of CV curves of the symmetric VGCF and pristine CF supercapacitors in 1 M H3PO4
at a scan rate of 25 mV s-1, and (d) GCD curves at different current densities of VGCF hybrid
supercapacitor in 1 M H3PO4 aqueous electrolyte; (e-h) Electrochemical performances of VGCF
ASSC: (e) CV curves at different scan rates, (f) plot of capacitance retention vs. cycle numbers for
continuous 17000 cycles (inset: CV curves of first and last cycles at a scan rate of 100 mV s-1), (g)
plot of capacitance retention at different bending angles (inset: CV curves at different bending
angles obtained at a scan rate of 100 mV s-1), (h) a plot of capacitance retention for 1000 bending
cycles (inset: digital photograph showing the VGCF ASSC bend at an angle of 90o, scale bar: 1
cm) of VGCF ASSC; (i) Prototype ASSC stack testing: the prototype VGCF ASSC stack
fabricated using two VGCF ASSCs (5 cm × 3 cm) connected in parallel powering a toy drone
propeller fan (inset: digital photograph of the toy drone propeller fan, scale bar: 1 cm).
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Figure 2.8 Nyquist plot of the VGCF ASSC (inset: Nyquist plot at high-frequency region) before
and after cycling.
To integrate with flexible electronic devices, the electrolyte used in the fabrication of the
supercapacitor should be solid as it should be flexible and not leaking whilst the integrated device
undergoes continuous bending and twisting cycles. Hence leak-proof supercapacitors are essential
for applications in flexible and wearable electronics. We have also fabricated a ASSC using
polyvinyl alcohol (PVA)/H3PO4 gel electrolyte. The CV study of VGCF ASSC performed within
a potential window of 0 - 1.6 V (Figure 2.7 e) shows slightly sloped curves which represents good
charge storage capabilities of the supercapacitor. The VGCF ASSC exhibited a maximum specific
capacitance of 213.5 F g-1 at a scan rate of 5 mV s-1. It may be noted here that the performance of
VGCF ASSC is evaluated within a potential window of 0 - 1.6 V. The VGCF ASSC displayed a
high specific energy density of 76 Wh kg-1, which is very high when compared with the graphene
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based supercapacitors74-80 and many of the carbon composite electrodes based supercapacitors.104106

The enhanced electrochemical performance of the VGCF ASSC is attributed to the 3D
mesoporous architecture formed by the vertical stacking of pristine graphene sheets. The present
study proclaims a simple method to improve the electrochemical performances of the
supercapacitor by just designing the mesoporous electrode nanoarchitecture without adopting
strategies such as doping, surface functionalization, and nanocomposites. Apart from the good
electrochemical features, the VGCF ASSC displayed a stable electrochemical cycling performance
for continuous 17000 cycles and obtained 99.4% capacitance retention (Figure 2.7 f). The CV
curves of first and the17000th cycles are shown as an inset image in Figure 2.7 f, which shows no
significant difference in the area under the curve although there is a slight change in its profile.
The Nyquist plot of the as fabricated VGCF ASSC (Figure 2.8) represents a comparatively higher
internal resistance compared with the aqueous electrolyte, which is as expected due to the use of
solid-state polymer electrolyte. Also, the VGCF ASSC exhibited a comparatively lower ESR after
cycling. This may be due to the surface activation or pore opening within the VGCF hybrid
electrode.93
The flexibility of the VGCF ASSC was examined by bending the same at different bending
angles such as 0, 30, 45, 60, 90, 135, and 1800. It exhibited 100% capacitance retention even at a
severe bending angle of 180o (Figure 2.7 g). No significant change in the CV profiles can be
observed at different bending angles of the VGCF ASSC and is depicted as an inset image in
Figure 2.7 g. A flexible supercapacitor should withstand its performance even after several
continuous bending cycles. To test the capacitance retention at several bending cycles, we have
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performed CV study while bending it at an angle of 90o for 1000 cycles at a constant scan rate of
100 mV s-1. The capacitance retention of the VGCF ASSC at different bending cycles is depicted
in Figure 2.7 h, which shows a 100% capacitance retention even after 1000 bending cycles. A
digital photograph of the VGCF ASSC while bending at an angle of 90o is given as an inset image
in Figure 2.7 h. This shows the good bendability of the VGCF ASSC. A prototype VGCF ASSC
stack fabricated using two VGCF ASSCs connected in parallel powering the propeller fan of a toy
drone is shown in Figure 2.7 i and the inset figure shows the digital photograph of the toy drone
propeller fan. Hence the present study represents a simple, facile, and cost-effective method of
synthesizing vertically-stacked graphene electrodes for application in flexible supercapacitors.

2.4

Conclusions

In summary, a hierarchical VGCF hybrid electrode with ultra-long cycling stability is
developed for flexible supercapacitors. A high specific capacitance of 213.5 F g-1 at a scan rate of
5 mV s-1 is obtained in PVA/H3PO4 gel electrolyte with a high specific energy density of 76 Wh
kg-1. The high-performance of the VGCF is due to the vertical-alignment of 2D graphene sheets
on the CF as it enabled a 3D mesoporous architecture to enhance the charge storage. The specific
capacitance of the VGCF hybrid is the sum of EDL charge storage possessed by the graphene
sheets, the faradaic charge storage exhibited by both the oxygen functional groups on the surface
of VGCF hybrid, and the faradaic charge storage possessed by the α-Ni(OH)2 nanoparticles. The
direct attachment of graphene sheets vertically on the CF result in facile charge transport and very
low contact resistance as evidenced by the EIS measurements. The supercapacitors fabricated
using VGCF hybrid electrodes can be functioned as a flexible and lightweight power source to
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drive the wearable electronics. This VGCF hybrid electrode can also be promising for a variety of
other devices including sensors, fuel cells, solar cells, and batteries.
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CHAPTER 3
HIGH PERFORMANCE FLEXIBLE ASYMMETRIC
SUPERCAPACITOR BASED ON rGO ANODE AND WO3/WS2
CORE/SHELL NANOWIRES CATHODE
The work presented in this chapter has been published in
Nanotechnology, 31, 435405.
DOI : 10.1088/1361-6528/aba305
Reproduced with permission from IOP Publishing.
3.1

Introduction

Flexible energy storage devices have a vital role in powering next-generation
multifunctional smart electronics and the internet of things.107-108 The fast-paced world requires
energy storage devices powering these smart electronics to be fast charging and portable in nature.
Supercapacitor or electrochemical capacitor is one such device that possesses advantages of rapid
charge and discharge capability, high power density, long life span, safe operation at wide
temperature range and environmental friendliness.109-110 The foremost challenge in developing
flexible supercapacitors is developing flexible electrode materials which have good mechanical
integrity with the substrate and can endure the hundreds of thousands of bending and folding cycles
during its application.111-112 Two dimensional (2D) nanomaterials that can satisfy the
aforementioned requirements garnered a lot of attention as an efficient energy storage material due
to their ultra-thin nature of single to several atomic layer thickness offering flexibility and high
mechanical integrity.15 Also, the large overlapping areas formed via layer by layer assembly of 2D
materials offers large surface area, more electroactive sites, and faster ion transport. Some of the
best known 2D nanomaterials employed in supercapacitors are graphene, reduced graphene oxide,
transition metal dichalcogenides (TMDs), MXenes, etc.10, 113-114 These 2D nanomaterials store
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energy via electrochemical double layer capacitance and/or pseudocapacitance mechanism.
Graphene, an 2D nanomaterial for energy storage, has sp2 bonded carbon atoms in a twodimensional honeycomb lattice structure.115 Graphene offers a high specific surface area, good
electronic conductivity and excellent mechanical strength required for flexible supercapacitors.116
Graphene oxide (GO) and reduced graphene oxide (rGO) nanosheets have been employed as an
efficient electrode material in supercapacitors due to their EDLC charge storage mechanism
offering good cycle life.
TMDs as an ideal supercapacitor electrode with the structure of MX2, (where M is W, Mo
or X is S or Se) offers intrinsically layered structure, large surface area, variable oxidation states,
and faster ionic transport.117 Despite offering all these merits, the TMDs still suffer from poor
cycle life due to the restacking of the nanolayers.118-119 The poor structural integrity can be resolved
by developing composites, employing spacers, or developing hybrid core/shell nanostructures.43,
120-121

Among the TMDs, WS2 with 2D covalently bonded S-W-S layered structure offers a large

surface area, making them one of the ideal energy storage material. The WS2 can store charge via
intercalation mechanism as well as W atoms have a wide range of oxidation states varying from
+2 to +6, making WS2 to be a promising pseudocapacitive material for energy storage
applications.122
Conventional supercapacitors use an insulating polymer binder, which hardly contributes
towards capacitance and restricts the flexibility of the devices. To obtain the full benefits from the
flexible supercapacitors, the best approach is to synthesize or deposit the electrodes as binder-free,
free-standing films.123-126 Chemical vapor deposition (CVD), hydrothermal deposition,
electrochemical processes such as electrochemical deposition and electrophoretic deposition are
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some of the efficient approaches for developing binder-free electrodes with novel nanostructures
which is scalable, relatively low cost and environmentally friendly.127-129 We deposited both our
electrodes directly on the current collector substrates following the electrochemical deposition
process for the rGO electrode and CVD synthesis process for WO3/WS2 electrode.
Low energy density in supercapacitors can be improved by developing asymmetric
supercapacitors, wherein two different electrode materials working in different potential windows
are assembled together.130 Nevertheless, energy density also depends on the type of electrolyte
used in the device. It has been observed that organic and ionic liquid electrolytes offer higher
operating voltages (up to 4 V) due to high electrochemical stabilities, which in turn increases the
energy density in supercapacitors.131-132 However, the high viscosity, lower ionic conductivity,
toxicity, flammability, and expensive nature of these non-aqueous electrolytes makes them
incompatible for next-generation flexible supercapacitors. Asymmetric supercapacitors in aqueous
electrolytes show significant advantages even at higher operating voltages without any
thermodynamic breakdown potential of water molecules, which is typical in symmetric
supercapacitors operating beyond 1 V in aqueous electrolytes. Herein, we report the fabrication of
an asymmetric supercapacitor using electrochemically deposited rGO anode on Nickel (Ni) foam
and CVD deposited core/shell WO3/WS2 cathode to tackle the issue of the structural integrity of
electrodes in long-lasting flexible energy storage devices. The high-performing asymmetric cell
with directly integrated electrodes offers less charge transfer resistance, more than 70%
capacitance retention after 10,000 charge/discharge cycles and 97% capacitance when subjected
to mechanical bending.
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3.2
3.2.1

Experimental Section

Synthesis of Reduced Graphene Oxide (rGO) Electrode

Graphene Oxide (GO) solution (5 mg ml-1) and Lithium Perchlorate (LiClO4) were used as
purchased. GO was deposited on Nickel (Ni) foam via electrodeposition in a three-electrode setup
comprising Ni foam as working electrode, Platinum (Pt) foil as counter electrode and saturated
calomel electrode (SCE) as the reference electrode. The electrolyte solution for GO deposition was
prepared by ultra-sonicating 0.15 M LiClO4 aqueous solution with 5 mg ml-1 GO solution. Prior
to electrodeposition, Ni foam was cleaned by ultra-sonication in acetone and deionized (DI) water,
followed by drying at 100º C in an oven. The electrodeposition of GO was performed under a
constant potential of -1.2 V vs. SCE. After GO deposition, the electrode was rinsed in DI water to
remove loosely bonded GO sheets. The GO electrode was further electrochemically reduced in 1
M LiClO4 at a constant potential of -1.2 V vs. SCE for 1 min. The electrode was then rinsed with
DI water and dried in an oven at 100 ºC overnight. Electrochemical reduction of graphene oxide
is efficient over other reduction methods involving high temperatures and toxic chemicals like
hydrazine hydrate, etc.
3.2.2

Synthesis of Core/Shell Nanowire (WO3/WS2) Electrode

Tungsten (W) foil was cleaned by ultrasonication in acetone, hydrochloric acid, ethanol,
and DI water. Initially, for the growth of WO3 nanowires, 10 wt% potassium hydroxide (KOH)
solution was spin-coated on W foil. Then, the foil was heated in a thermal furnace at 650 ºC for 2
h, followed by rinsing in DI water and drying at room temperature. The WO3 nanowires were then
sulfurized via a chemical vapor deposition (CVD) system. Under Argon gas, the foil with the
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nanowires was kept in a CVD system with sulfur (S) source (99.99% purity) in a quartz tube
furnace at 850 ºC for 40 min followed by cooling it to room temperature naturally.43
3.2.3

Synthesis of PVA-Na2SO4 Electrolyte

Polymer gel electrolyte was prepared by mixing 3 g of polyvinyl alcohol (PVA) into 30 ml
of 0.1 M sodium sulfate (Na2SO4) solution at 85 °C. The mixture was stirred until the solution
became clear and viscous in nature.
3.2.4

Fabrication of Asymmetric Solid-State Device

The solid-state device was fabricated by sandwiching rGO and WO3/WS2 electrodes
together with PVA-Na2SO4 gel electrolyte. The gel electrolyte was applied on both the electrodes
and allowed to dry at room temperature. After 6 h, the gel dried into a film ready to be functioning
as both separator and electrolyte in the device. Both the electrodes were pressed together to make
it intact into an asymmetric solid-state supercapacitor.
3.2.5

Characterization of the Electrodes

The structure and composition of the materials were investigated by PANalytical
Empyrean #2 with 1.8 KW copper X-ray tube and Raman spectroscopy (WITec 300 RA confocal
system with 532 nm laser excitation). The surface topography of the electrode was examined by
scanning electron microscopy (SEM; ZEISS Ultra-55) and transmission electron microscopy
(TEM; JEOL ARM200F Cs-corrected). All the electrochemical measurements, including cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were performed on an SP- 150 electrochemical workstation (Bio-Logic, USA)
using 0.1 M Na2SO4 electrolyte. For the three-electrode testing, rGO on Ni foam and WO3/WS2
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core/shell nanowires on W foil was used as working electrode, Pt foil and SCE were used as
counter and reference electrode respectively. Two electrode tests were performed using liquid and
solid-state 0.1 M Na2SO4 electrolyte. The flexibility of the solid-state device was evaluated by
recording their electrochemical performance at various bending angles. Two asymmetric
supercapacitors were connected in series to power an LED.

3.3

Results and Discussion

Raman spectra of GO and rGO on Ni foam is shown in Figure 3.1 a. The presence of two
strong vibration bands corresponding to in-plane stretching of sp2 bonded C-C atoms (G-band) and
out-of-plane first order scattering due to the presence of structural defects (D-band) suggests the
presence of GO and rGO. The D- and G-band for GO appears at 1359 cm-1 and 1598 cm-1 while
they are down-shifted to 1356 cm-1 and 1587 cm-1 for rGO. It is observed that the intensity of the
D to G band ratio (ID/IG) increases from 0.86 to 1.02 upon reduction of GO to rGO, which indicates
restoration of the sp2 network and the removal of oxygen functionalities.133 Thus, the increase of
the ID/IG ratio after reduction confirms the good reduction efficiency of lithium perchlorate
(LiClO4). Further the XRD pattern recorded for the rGO electrode (Figure 3.1 b) displays the
existence of broad peak at 2θ value of 23.5°, which is a characteristic peak representing the reduced
graphene oxide formed after the removal of the oxygen functionalities.134 The Raman spectrum of
the core/shell WO3/WS2 electrode is shown in Figure 3.1 c. The spectra revealed the presence of
both WO3 and WS2. The presence of the WO3 core was confirmed by a small peak at ∼700 cm−1,
which arises from the stretching modes of O−W−O bonds.135 The presence of Raman bands at
421.1 and 352.3 cm−1 corresponds to A1g and E12g vibration modes, respectively, which arises from
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W−S stretching in the WS2 outer shell.136 The first and second-order Raman modes of WS2 shell
were confirmed by the presence of additional peaks at 324.6 and 582.6 cm−1, respectively.137 The
XRD pattern recorded for the WO3/WS2 electrode shown in Figure 3.1 d reveals the presence of
hexagonal WO3 core. The sharp characteristic diffraction peaks observed at 2θ values of 13.95°,
23.2°, 28.1°, 33.83°, 36.76° and 48.3° corresponds to (100), (002), (200), (112), (202) and (004)
crystal planes arising from the hexagonal core respectively.138 Also, a small sharp peak observed
at 58.1° corresponding to (200) crystal plane represents the tungsten foil. Due to the small
thickness of the WS2 shell, it is not revealed in the XRD pattern.

Figure 3.1 Raman spectra of (a) GO, rGO and (c) WO3/WS2 core/shell nanowires electrodes; XRD
of (b) rGO and (d) WO3/WS2 core/shell nanowires electrodes.

40

Figure 3.2 a shows the SEM image of the pristine Ni foam prior to electrodeposition. The
three-dimensional interconnected porous structure of the Ni foam provides enormous surface area
for conformal anchoring of the 2D rGO nanosheets, an easy pathway for ion-diffusion/charge
transport, as well as increased access of electrolyte ions to the rGO nanosheets through pores. The
deposition time of rGO was optimized to ensure an optimal loading of active material to avoid
hindering the accessibility of the electrolyte ions in reaching rGO nanosheets through the Ni pores.
Figure 3.2 b shows the SEM image of the electrodeposited rGO nanosheets on the Ni foam, which
clearly displays that rGO nanosheets are deposited on the edges of the Ni foam providing large
surface area and preserving the porous structure which is vital for electrolyte infiltration and higher
charge storage. The electrodeposited rGO on Ni foam has a wrinkled and layered structure (Figure
3.2 c). The wrinkled morphology with the large surface area along with the porous nature of the
optimized electrode enhances the available electrochemical active sites, thus increasing the charge
storage in the electrode. The TEM image of the rGO nanosheets (Figure 3.2 d) isolated from the
Ni foam via ultrasonication reveals that the lateral size of the 2D rGO nanosheets is about 20-30
nm and are very thin. The direct linkage of the thin rGO nanosheets to the Ni foam facilitates a
longer cycle life. The SEM images of the WO3/WS2 electrode in Figure 3.2 e shows densely grown
nanowires with each nanowire having a diameter of ~ 150 - 200 nm and a length of ~8 – 10 μm.
The uniform and densely deposited nanowires offer an enormous surface area for charge storage.
The WO3 core offers faster electron transport and the outer WS2 shell obtained after sulfurization
of the nanowire facilitates faster ion transport and charge storage. A single nanowire isolated from
the electrode revealed its uniform diameter when imaged under the bright-field (BF) TEM (Figure
3.2 f). The Annular Dark Field Scanning TEM (ADF-STEM) image (Figure 3.2 g) of the nanowire
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marked in red box (Figure 3.2 f) shows that the nanowire has atomically sharp interface
distinguishing WO3 core and WS2 shell. The highly single-crystalline WO3 core’s outer section is
sulfurized into uniformly spaced WS2 shell. Such a self-assembled binder free electrode with
strong core supporting the WS2 shell provides structural integrity for achieving a longer cycle life.

Figure 3.2 SEM images of (a) Ni foam, (b) electrodeposited rGO on Ni foam, (c) high
magnification SEM image of rGO/Ni foam, (d) TEM image of isolated rGO nanosheets, (e) SEM
image of densely aligned WO3/WS2 core/shell nanowires, (f) Low-magnification bright field TEM
image of a single WO3/WS2 nanowire, (g) HAADF-STEM image of the red box region in (f)
showing WS2 layers covering the WO3 core.
The electrochemical performance of the rGO and WO3/WS2 nanowire electrodes was
carried out in a three-electrode cell using aqueous 0.1 M Na2SO4 electrolyte. The CV curves of the
rGO electrode were recorded in the potential range of -0.8 to 0 V vs SCE at different scan rates,
as shown in Figure 3.3 a. The observed rectangular shape of the CV profile with good reversibility
clearly indicates a good capacitive behavior of rGO, which is mainly attributed to the
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electrochemical double layer capacitance (EDLC) charge storage mechanism. The symmetrical
CV profile without any oxidation and/or reduction peaks obtained from rGO is indicative of high
rate capability, good mechanical stability, and small charge transfer resistance. The rGO electrode
exhibited a maximum areal capacitance of 70 mF/cm2 at a scan rate of 5 mV/s as recorded from
the CV curves. The GCD measurement of the rGO electrode displayed a linear and symmetrical
triangular curve at various current densities ranging from 1 to 10 mA/cm2, further confirming an
EDLC charge storage behavior (Figure 3.3 b). The rGO electrode displayed a good rate
performance delivering an areal capacitance of 40 mF/cm2 at a high scan rate of 100 mV/s. The
gradual decrease in capacitance with increasing scan rate is attributed to the increase of ion
diffusion related resistance.139 The cycle life of the rGO electrode evaluated at a scan rate of 100
mV/s exhibited 90% capacitance retention after 10000 cycles (Figure 3.3 c), demonstrating the
significant electrochemical stability of the electrode. The slight decline in electrode’s performance
during cycling is due to the minor detachment of rGO nanosheets from the Ni foam over repetitive
shuttling of sodium ions, which will also increase the charge transfer resistance within the
electrode. This was evident from the Nyquist plot recorded for the rGO electrode before and after
cycling, as shown in Figure 3.3 d. The Nyquist plot depicts that at the high-frequency region, the
electrode maintains its equivalent series resistance value while the charge transfer resistance
increases from 1.1 Ω to 3 Ω after electrochemical cycling. The good capacitive behavior of the
electrode is evident from the nearly vertical line recorded in the low-frequency region.140
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Figure 3.3 Electrochemical characterization of the rGO electrode: (a) CV curves recorded at
different scan rates, (b) GCD curves recorded at different current densities, (c) Cycle test of rGO
electrode at 100 mV/s, (d) Nyquist plot recorded before and after 10000 electrochemical cycles.
Inset in Figure 3.3 (d) shows magnified view of Nyquist plot.
The WO3/WS2 electrode tested in aqueous 0.1 M sodium sulfate (Na2SO4) electrolyte in
the potential range of -0.3 to 0.5 V vs. SCE displayed a dominant EDLC behavior with a slight
pseudocapacitive activity as shown in Figure 3.4 a. A slight distortion observed in the symmetrical
CV curves is due to the pseudocapacitance contribution arising from intercalated sodium ions in
the WS2 shell. A maximum areal capacitance of 55.3 mF/cm2 was recorded at 5 mV/s. The GCD
curves recorded from 0.5 to 5 mA/cm2 displayed a linear and symmetrical behavior (Figure 3.4
b). At a higher scan rate and current density, the electrode retained the symmetrical charge storage
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behavior displaying a good rate performance. The robust WO3 core helps in upholding the stability
of the electrode structure during the electrochemical cycling at a higher scan rate. The well-spaced
WS2 shell accommodates the sodium ions without disrupting the available electrochemical active
sites. These benefits offered by the electrode led to unprecedented cycling stability with more than
100% capacitance retention after 10,000 electrochemical cycles at 100 mV/s (Figure 3.4 c). A
gradual increment is observed in the capacitance of the electrode until 2500 cycles due to the
increase in the available electrochemical active sites as the interlayer spacing of the WS 2 shell
increases due to the strain caused by the intercalation and deintercalation of sodium ions.141 Thus,
the electrode was able to accommodate more ions leading to increased storage of energy. The
Nyquist plot comparison of the pristine and cycled WO3/WS2 electrode shown in Figure 3.4 d
depicts a considerable decrease in the value of the equivalent series resistance and the charge
transfer resistance of the electrode that underwent 10000 electrochemical cycles. This decrease in
the overall resistance of the electrode can be correlated with the improvement in the capacitance
value of the electrode obtained after cycling, which arises from the increased available
electrochemical sites due to the enhanced interlayer spacing between the WS2 shell.33
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Figure 3.4 Electrochemical characterization of the WO3/WS2 electrode: (a) CV curves recorded at
different scan rates, (b) GCD curves recorded at different current densities, (c) Cycle test of
WO3/WS2 electrode at 100 mV/s, (d) Nyquist plot recorded before and after 10000 electrochemical
cycles.
The good electrochemical performance delivered by the electrodes prompted us to
construct an asymmetric supercapacitor. The asymmetric supercapacitor was built using rGO as
anode and WO3/WS2 as the cathode in aqueous 0.1 M Na2SO4 electrolyte. Figure 3.5 a shows the
CV curves of rGO and WO3/WS2 electrodes with their optimal capacitance and stable voltage
window of operation at a scan rate of 100 mV/s. To ensure the stable operation of the asymmetric
device, and to achieve maximum device capacitance, and longer cycle life, the charge balance
between the cathode and anode should be maintained using the following relation,
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𝑞+ = 𝑞−

( 3.1 )

𝐴+ × 𝐶 + × ΔE + = 𝐴− × 𝐶 − × ΔE −

( 3.2 )

Where q+ and q– denotes the charges stored on the cathode and anode, respectively. The signs A,
C, and ΔE denote the active electrode area, areal capacitance, and potential window of the
respective electrodes.

Figure 3.5 Electrochemical characterization of asymmetric supercapacitor in aqueous 0.1 M
Na2SO4 electrolyte: (a) CV curves of the rGO and WO3/WS2 electrode in a three-electrode system
at a scan rate of 100 mV/s, (b) CV curves of the rGO // WO3/WS2 cell measured at different
voltages at a scan rate of 100 mV/s, (c) CV curves of the asymmetric cell measured at different
scan rates, (d) GCD curves of the asymmetric cell measured at different current densities, (e) Plot
of areal capacitance vs scan rate, (f) Cycle test of the asymmetric cell showing capacitance
retention for 10000 cycles. Inset inside (f) shows the CV curve comparison of 1st and 10000th cycle.
As seen from three-electrode studies, the areal capacitance of the rGO and WO3/WS2
electrode was different, hence the deposited area of the active materials was adjusted for charge
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balance. It is apparent from the three-electrode studies, that the rGO electrode works in the
potential window from -0.8 to 0 V vs SCE, while the WO3/WS2 electrode works from -0.3 to 0.5
V vs SCE. This indicates that the asymmetric supercapacitor cell assembled using these two
electrodes could reach up to a maximum working voltage of 1.3 V and beyond, depending on the
overpotential. This enhancement in the voltage window will increase the energy density of the
assembled device. The optimized rGO // WO3/WS2 asymmetric cell in aqueous electrolyte exhibits
an ideal capacitive behavior with nearly symmetrical CV loops without any distortion till a voltage
window up to 1.5 V at a scan rate of 100 mV/s (Figure 3.5 b), which is a sign of the stable
electrochemical performance delivered by the asymmetric supercapacitor in an extended voltage
window. Further electrochemical measurements for the asymmetric cell were done at 1.5 V. The
asymmetric cell maintained its rectangular, symmetrical CV curves as it was scanned from 5 to
100 mV/s (Figure 3.5 c), inferring a good capacitive behavior and rate capability. Similarly, GCD
curves acquired at different current densities shown in Figure 3.5 d displays nearly triangularshaped curves with negligible internal voltage drops, indicating the fast conduction of ions and
electrons. Even at a higher current density of 4 mA/cm2, the asymmetric cell retained a linear
symmetrical profile indicating good rate performance and low internal resistance. The direct
integration of both the electrodes to the current collectors helped in achieving faster electron
transport, which was evident from the low charge transfer resistance observed in the asymmetric
cell (Figure 3.6 a). The maximum areal capacitance delivered by the rGO // WO3/WS2 asymmetric
cell is 32.5 mF/cm2 at a scan rate of 5 mV/s, and the cell retained more than 50% of the capacitance
at a higher scan rate of 100 mV/s (Figure 3.5 e). The areal capacitance calculated from the GCD
curves was also consistent with the CV results, offering a maximum capacitance of 31 mF/cm 2 at
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a current density of 1 mA/cm2. The asymmetric cell exhibited a maximum areal energy density of
10.5 µWh/cm2 and a maximum areal power density of 1.4 mW/cm2, which is higher than some of
the reported supercapacitors.142-145 Longer cycle life is desired from the asymmetric
supercapacitors for practical applications. The cyclic stability of rGO // WO3/WS2 cell was
evaluated at 1.5 V and 1.3 V at a scan rate of 100 mV/s, as shown in Figure 3.5 f and 3.6 b. The
full cell exhibits excellent capacitance retention of 87.2% (at 1.3 V) and 70.1% (at 1.5 V) after
10000 charge-discharge cycles. It can be seen that the direct integration of electrodes onto current
collectors is important for achieving a longer cycle life. The possible reason for an additional
decrease in the capacitance retention when cycled at 1.5 V would be the overpotential affecting
Nickel foam’s strength, thus causing the rGO to detach from the electrode upon multiple times of
insertion and removal of Na+ ions.146

Figure 3.6 (a) Nyquist plot of the rGO // WO3/WS2 asymmetric cell in liquid electrolyte; (b) Cycle
test of rGO // WO3/WS2 asymmetric cell in 1.3 V window at 100 mV/s.
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Figure 3.7 Electrochemical characterization of asymmetric solid-state supercapacitor: (a) CV
curves recorded at different scan rates, (b) GCD curves recorded at different current densities, (c)
CV curves at different bending angles at 100 mV s-1, (d) Plot of capacitance retention vs bending
angle.
To demonstrate the flexibility of our device, an asymmetric solid-state supercapacitor was
fabricated by sandwiching the two electrodes (rGO and WO3/WS2) with PVA-Na2SO4 gel
electrolyte. Figure 3.7 a shows the CV profiles of the flexible rGO // WO3/WS2 solid-state device
at different scan rates from 5 to 100 mV/s. The typical rectangular CV curves without any shape
change at all scan rates confirms a good capacitive behavior in a solid-state device. The maximum
areal capacitance obtained from the flexible asymmetric device was 20 mF/cm2 at 5 mV/s,
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suggesting the efficient penetration of the gel electrolyte into the porous networks of the electrodes
on either side. A comparatively low value of areal capacitance observed in solid-state devices as
compared to the asymmetric cell in liquid electrolytes could be attributed to higher internal
resistance and slower electrolyte diffusion typically observed in solid electrolytes.147 Figure 3.7 b
shows the GCD curves for flexible asymmetric device at different current densities (0.50 - 3
mA/cm2). The GCD curves are nearly linear and symmetrical, proving a good capacitive behavior
and agree with the CV results. To further evaluate the quality of the asymmetric device for
powering flexible electronics, the device was subjected to mechanical bending tests at different
bending angles form 0º to 90º. The CV curves recorded at various bending angles revealed a
negligible change in capacitive performance (Figure 3.7 c), which indicates the high mechanical
stability of the active electrode materials with the current collector. The asymmetric device
maintained ~97% of its capacitance up to a bending angle of 90o, as shown in Figure 3.7 d. This
higher capacitance retention shows that the direct integration of the electrode materials
accommodates the strain caused during the bending and store the charges efficiently. To
demonstrate the commercial viability of these asymmetric solid-state supercapacitors, two devices
were connected in series to deliver a maximum voltage up to 3 V (Figure 3.8 a). The two devices
connected in series maintained a good charge discharge behavior and were able to power up a redlight emitting diodes (LEDs) (Figure 3.8 b).
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Figure 3.8 (a) CV curves of a single and two asymmetric devices connected in series at 100 mV/s;
(b) Two devices connected in series powering an LED.
3.4

Conclusions

A flexible all solid-state asymmetric supercapacitor was developed by direct integration of
electrode active materials such as rGO and WO3/WS2 on to current collectors. The individual
performance of the electrode materials showed more than 55 mF/cm2 areal capacitance offered by
the electrodes. The structural integrity offered by the electrodes helped in achieving cyclic stability
of 90% in rGO electrode and 100% in WO3/WS2 electrode after 10,000 electrochemical cycles.
The asymmetric full cell built using 0.1 M Na2SO4 offered up to 1.5 V with more than 70%
capacitance retention after 10,000 electrochemical cycles. A solid-state device developed in PVA/
Na2SO4 gel electrolyte showed its flexible nature and good mechanical behavior retaining more
than 97% of its capacitance at a bending angle of 90o. Two of these devices connected in series
were able to light up an LED.
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CHAPTER 4
INVESTIGATING 2D WS2 SUPERCAPACITOR
ELECTRODE PERFORMANCE BY KELVIN PROBE FORCE
MICROSCOPY
The work presented in this chapter has been published in
J. Mater. Chem. A, 2020, 8, 12699-12704.
DOI : 10.1039/D0TA03383A
Reproduced with permission from Royal Society of Chemistry
4.1

Introduction

The energy industry is unceasingly looking for a complete transition from the exhaustive
use of fossil fuels to renewable energy resources in the hope of meeting the ever-increasing energy
demands of the consumer industry such as electric vehicles, e-paper, cordless tools, and grid
storage, just to name a few.148-149 While this paradigm shift towards the renewable energy is
underway, the next biggest challenge in setting up new energy economies would be the
development of efficient energy storage systems/devices. An ideal efficient energy storage system
is expected to deliver energy for a longer period (hundreds of thousands of cycles) without
compromising its efficiency. Energy storage devices with a longer cycle life would help in
avoiding frequent replacement of devices, cut costs of replacement, and recycling the dead
batteries or supercapacitors. Thus, cycle life is becoming an increasingly important parameter to
be focused on developing efficient energy storage devices. Currently, supercapacitor is one of the
best energy storage devices for applications requiring long cycle life. On the contrary to batteries
with bulk charge storage, supercapacitors store charges on the surface, which enable them to run
for hundreds of thousands of cycles without causing considerable structural damage. Several
research efforts are focussed on developing long-lasting electrode materials. These efforts involve
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developing nanostructured or hybrid electrode materials for enhancing the surface area,
conductivity, capacitance, and cycle life, etc. Most of these studies do not analyse the structural
or chemical changes happening at the nano level of the electrode surface in depth. These changes
are responsible for the inferior or superior performance of the electrodes. As mentioned earlier,
the cycle life of the supercapacitor electrode has an economic and environmental impact, which
presses the need for developing a qualitative analysis for investigating the structural or chemical
changes occurring in the electrodes during cycling. For instance, a number of studies investigating
the cycling performance of the supercapacitor electrodes infer that wetting of the electrode surface
plays a critical role in the increase of capacitance during cycling.150-154 A direct proof of this
inference has not yet been reported. Uncovering the underlying mechanisms responsible for such
a change in electrode performance during cycling is critical to design better-performing electrodes.
Qualitative analysis techniques should be developed for exploring the chemical or structural
changes of the electrode materials during cycling. Kelvin probe force microscopy (KPFM) is one
such tool that facilitates nanometer-scale imaging of the surface potential on a wide range of
materials. KPFM aids in measuring the local contact potential difference between a conducting
atomic force microscopy (AFM) tip and the sample. Using the local contact potential difference
value, the surface potential or work function of the electrode material can be mapped with high
spatial resolution.155 A relationship between the work function change and the surface-level
changes caused in the electrode structure during cycling gives vital information towards
engineering electrodes at nano level.156
Also, developing new materials and rational engineering of their nanostructures are
essential to achieve high surface areas, exposure of more electroactive sites, fast kinetics of ion
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and electron transport and high cycle life.154, 157 2D nanomaterials are one of the best candidates
among nanostructured materials for supercapacitors as they are single to few atomic layers thick,
providing enhanced surface area and high mechanical integrity.113 Among the 2D nanomaterials,
WS2, a TMD has attracted huge attention in energy storage due to their 2D covalently bonded SW-S layers providing huge surface area. The W atoms have a wide range of oxidation states
varying from +2 to +6, suggesting WS2 to be a promising pseudocapacitive material for energy
storage applications.122 In a previous work, Thomas et al. developed a highly single-crystalline
tungsten trioxide (WO3) core and WS2 shell electrode on tungsten foil following a spontaneous
oxidation/sulfurization method.43 This hybrid 2D nanomaterial offers seamless interfaces and
excellent electrochemical stability with unprecedented cycle life.
In our work we synthesized WS2 electrode via chemical vapor deposition (CVD) and
investigated their electrochemical performance at different electrochemical cycles. We probe the
local variations in work function in the WS2 electrode using KPFM and compare them to the
change in capacitance of the electrode at different cycles. We discovered that underlying
mechanism responsible for the change in capacitance was attributed to the strain effect on the
interlayer spacing of the electrode materials. This strain led to an increase in the redox behaviour
of the electrodes during cycling, which was further studied by estimating the capacitance
contribution from different charge storage mechanisms. We also evaluated the effect of cycling on
the 2D material lattice using Raman spectroscopy and backed our findings from KPFM.
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4.2
4.2.1

Experimental Section

Preparation of WS2 Electrode

Tungsten (W) foil was sequentially cleaned by ultrasonication in acetone, hydrochloric
acid, ethanol, and DI water. The preparation of the WS2 electrode involved two steps. In the first
step, a vertically aligned array of WO3 nanowires were prepared on the tungsten foil by dropcasting 10 wt% potassium hydroxide (KOH) solution followed by spin coating. Then the tungsten
foil was further heated at 650 oC in a thermal furnace for 2 hours followed by rinsing in DI water
and drying at room temperature. In the second step, the tungsten foil was sulfurized in a CVD
system by keeping pure sulfur (S) source along with the tungsten foil with nanowires in a quartz
tube furnace. Argon gas was flushed through the furnace, and the furnace was maintained at 850
o

C for 40 minutes followed by natural cooling.43
4.2.2

Material and Electrochemical Characterization of Electrodes

The microstructure and morphology of the electrode were examined by scanning electron
microscopy (SEM; ZEISS Ultra-55) and transmission electron microscopy (TEM; JEOL
ARM200F Cs-corrected). The composition and structure of the materials were investigated by
Raman spectroscopy (WITec 300 RA confocal system with 532 nm laser excitation). The surface
topography and the surface potential of the electrode materials were studied by AFM and KPFM
(NanoIR2 AFM Bruker using PR-EX-KPFM cantilevers). The sample preparation for the AFM
and KPFM involved collecting the WS2 electrode after each stage of cycling (pristine, 2500 and
10000 cycles) and rinsing it with DI water to remove the loosely attached electrolyte before they
are characterized by AFM and KPFM. The sample film was carefully removed from the W foil
and was mounted on a 12 mm metallic disc using conductive silver paint used to ground the sample
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with respect to the tip. KPFM measurements were performed using a two-pass method. During the
first pass, the cantilever was mechanically driven frequency to determine the topography of the
sample. During the second-pass scan, the cantilever was lifted by a fixed distance (30 nm) to
minimize the effect of short-range van der Waals forces and maximize the effect of long-range
forces. A bias was applied to the cantilever, which includes a DC and an AC component, to obtain
a potential difference ∆V=VDC+VAC between the tip and the sample. The AC component was used
to electrically vibrate the cantilever at its resonant frequency while VDC was adjusted by the AFM
controller to null the force gradient resulting from the differences between the tip work function
(φtip) and the sample work function (φs). VDC = VCPD is recorded and used to obtain the KPFM
maps. The work function of the sample φs is determined using the relationship φs = φtip – e VCPD,
where φtip is constant for a given tip (i.e. 5.16 eV), e is the electronic charge and VCPD is contact
potential difference between tip and the sample (WS2).
Each of the KPFM probe was calibrated to determine φtip. The calibration process involves
the KPFM measurement of a freshly-exfoliated HOPG flake and evaluating the work function of
HOPG using φHOPG = φtip – e VCPD, where φHOPG (4.6 +/- 0.1 eV). The VCPD was extracted by
averaging the values of the KPFM map on raw datasets. For each kind of supercapacitor sample
(before and after cycling), at least 3 sets of samples were characterized. On each sample, at least 3
positions were selected to confirm the repeatability of the measurements.
Electrochemical measurements, including cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/discharge (GCD) measurements were
performed using an electrochemical workstation (SP-150, Bio-Logic, USA). The electrochemical
characterization of WO3/WS2 core/shell nanowires on W foil with an area of 1 cm2 were performed
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in a three-electrode cell set-up by using 0.1 M sodium sulfate (Na2SO4) electrolyte. Platinum (Pt)
foil and saturated calomel electrode (SCE) were used as counter electrode and the reference
electrode, respectively.

4.3
4.3.1

Results and Discussion

Material Characterization of WS2 Electrode

Figure 4.1 a represents the Raman spectrum of the electrode revealing the presence of
WS2. The presence of two strong bands at 356 cm-1 and 421 cm-1 correspond to the in-plane E12g
and out-of-plane A1g phonon mode, respectively.158 The presence of WO3 core is evident from the
band appearing at 701 cm-1 which corresponds to O-W-O bond stretching.135 SEM and TEM reveal
the microstructure and morphology of the as prepared WO3/WS2 nanowires. As seen in the SEM
image of the WO3/WS2 nanowires (Figure 4.1 b), the electrode exhibits a very dense growth of
the nanowires of ~8 – 10 μm in length and ~ 150 - 200 nm in diameter, with an aspect ratio of ~
50. Such one-dimensional nanostructures provide a large surface area for charge storage as well
as short diffusion paths for ion transport. The bright-field TEM image (Figure 4.1 c) shows a
uniform diameter of a single nanowire throughout its length. The high-angle annular dark field
scanning TEM (HAADF-STEM) image of the nanowire (Figure 4.1 d) depicts that the WO3 core
is uniformly covered with well-spaced 2D WS2 layers. We can evidently see the atomically sharp
interface in the core/shell WO3/WS2 nanowire.
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Figure 4.1 (a) Raman spectra of the WS2 electrode; (b) SEM image of WS2 electrode; (c) Lowmagnification bright field TEM image of a WS2 electrode; (d) HAADF-STEM image of the
WS2 electrode in the portion marked in the red box in (c).
4.3.2

Electrochemical Characterization of WS2 Electrode

The electrochemical performance of the WS2 electrode was evaluated in 0.1 M Na2SO4
electrolyte in the potential range of -0.3 to 0.5 V vs SCE. The electrode exhibited a dominant
EDLC behaviour with nearly symmetrical curves and delivered high areal capacitance of 51 mF
cm-2 at 5 mV s-1. Though the electrode exhibited EDLC behaviour, a slightly distorted CV curves
with small peaks could be noticed (Figure 4.2 a), indicating that some redox reactions take place
due to the intercalation of sodium ions into the 2D WS2 layers. The dotted region in Figure 4.2 a
indicates the peaks seen at lower scan rates such as 5 and 20 mV s-1 caused by the redox reaction,
and it almost diminishes away when the scan rate is increased. Typically, at low scan rates, redox
reactions compared to capacitive reactions have larger contribution to charge storage than at higher
scan rates. This happens because at lower scan rates, electrolyte ions get enough time to
intercalate/deintercalate into WS2 layers. The redox reactions caused by the Na+ ion intercalation
can be given by the equation WS2 + Na+ + e− = WS-Na+.159 As seen in Figure 4.2 b, the GCD

59

curves exhibited nearly linear and symmetrical curves at different current densities and correlated
well with the CV curves for the charge storage.

Figure 4.2 (a) CV curves of WS2 electrode at different scan rates; Dotted region shows the distorted
part of CV curves; (b) GCD curves of WS2 electrode at different current densities; (c) Capacitance
retention at different cycle numbers for the WS2 electrode; Inset in (c) shows the Nyquist plots for
the WS2 electrode before and after cycling.
The core WO3 provides robustness for the electrodes for long term stability of the
electrodes. At the surface of the nanowires, as more and more WS2 layers are opened due to the
intercalation-deintercalation of Na+ ion with cycling, more electrochemically active sites are
available for electrochemical energy storage. This was evident from the increase in the electrode
capacitance during cycling up to 2500 cycles as shown in Figure 4.2 c. Because of this
intercalation-deintercalation, a permanent strain accumulates into the lattice of WS 2160-161, which
keeps on increasing for nearly 2500 cycles and relaxes thereafter, as seen in Figure 4.2 c. During
cycling, the WS2 layers experience the maximum strain at 2500 cycles, after which it can easily
accommodate more Na+ ions. That is the point at which the electrode gets stabilized and maintains
its capacitance up to 10,000 cycles with an unprecedented 100% capacitance retention. This strain
also causes the resistance of the electrode to decrease as more active sites are available for storing
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electrolyte ions over cycling, as shown in the inset of Figure 4.2 c.33 The EIS acquired before and
after cycling exhibited a drastic decrease in the ESR and charge transfer resistance of the electrode.
4.3.3

Capacitive vs Intercalation/Deintercalation Charge Storage Calculation

There may be multiple types of charge storage mechanisms for different electrodes (or
sometimes on the same electrode) of a device. Hence it is important to distinguish between the
capacitive charges stored and the charges stored by the diffusion-controlled ion insertion
(intercalation/de-intercalation mechanism). To estimate the individual capacitance contribution
arising from the EDLC/capacitive and redox/intercalation-deintercalation charge storage
mechanism, we have used the 20 mV s-1 CV curve recorded for pristine WS2 electrode. The two
can be distinguished by performing CV at different scan rates and then using Cottrell’s equation
which shows the dependence of the current response on the sweep rate and is given by162
𝑖 = 𝑎𝑣 𝑏

( 4.1 )

In the above equation, i is the current response at a specific scan rate υ (in V/s) at the given
voltage (V) and a and b are adjustable parameters. At a certain voltage (V), i follows a unique
characteristic with the different scan rates υ, which are very closely related to the mechanism
through which charges are being stored. The value of the exponent of υ, which is b is the key to
determine the mechanism of charge storage i.e., whether it is diffusion-controlled (solid-state ion
diffusion) or non-diffusion controlled (capacitive). The value of b is well defined for each of these
two conditions but may transition in-between, if both the mechanism exists simultaneously to some
extent.
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If the charge storage mechanism is diffusion controlled, the current becomes proportional
to the square root of the scan rate υ and follows the equation162-163
𝑖 = 𝑛𝐹𝐴𝐶 ∗ 𝐷1⁄2 𝑣 1⁄2 (𝛼𝑛𝐹/𝑅𝑇)1⁄2 𝜋 1⁄2 ꭓ(𝑏𝑡)

( 4.2 )

where n is the number of electrons exchanged in the electrode reaction, F is the Faraday
constant, A is the surface area of the electrode, C* is the surface concentration of the electrode
material, D is the chemical diffusion coefficient, υ is the scan rate in V/s, α is the transfer
coefficient, R is the molar gas constant, T is the temperature, and the ꭓ(bt) function shows the
normalized current for a completely irreversible system as indicated by the cyclic voltammetry
response. Here, in this condition, the current, i becomes diffusion-controlled and if we compare
equation (4.2) with (4.1), we observe that the value of b is 0.5. Hence, we can say that as the value
of b approaches 0.5 in the Cottrell's equation, the charge storage and the current become more and
more diffusion controlled. For a completely diffusion-controlled charge storage system, the current
i will follow the exponential dependency on the scan rate of aυ0.5.
But if the charge storage mechanism is a non-diffusion-controlled, which includes all types
of capacitive charge storage (i.e., both EDLC and pseudo-capacitance), then the current i becomes
directly proportional to the change in scan rate υ and follows the equation given as
𝑖 = 𝑣𝐶𝑑 𝐴

( 4.3 )

where, Cd is the capacitance. When we compare this equation (4.3) with the Cottrell's
equation (4.1), we can observe that the value of b is equal to 1. Hence, we can say that as the value
of b approaches to 1, the charge storage mechanism becomes more and more of capacitive type
i.e. non-diffusion-controlled and is completely capacitive when the value of b is exactly 1.
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In order to understand the nature of the charges stored and their proportions in a device,
cyclic voltammetry has to be performed at different scan rates. Using the concepts discussed above,
and Cottrell's equation (4.1), how the current changes with different scan rates at a certain voltage
V should be monitored. Thus, the value of b needs to be determined, which lies between 0.5 ≤ b ≤
1. This provides us whether the current and charges stored are capacitive or by solid state ion
diffusion. To determine this value of b, if log on both sides in the Cottrell's equation are taken, we
get log i = b log υ + a. Now, if we plot a curve between log i vs log υ, for a given voltage V, a
straight line should result and the b value for that specific voltage will be given by the slope of that
straight line. Once we get the b value on a specific voltage V, by doing similar calculations at
different voltage values, we can also plot a curve between the b value and the operational voltage
range (V) of the device.
For our pristine WS2 electrode, how b values are calculated from log i vs log υ curve is
shown in Figure 4.3 a. For demonstration purpose, these curves have been plotted and compared
for two voltage values of 0.2 V and -0.1 V. The slope (b value) calculated at 0.2 V comes out to
be 0.60 (closer to 0.5) which is indicative of more intercalation/de-intercalation type charge
storage, while the slope (b value) at -0.1 V is calculated to be 0.77, which is indicative of capacitive
charge storage mechanism, with lesser diffusion-controlled contribution. After calculating b values
at different voltages, a b vs V curve has been plotted and shown in Figure 4.3 b. It shows that the
b value ranges from 0.5 ≤ b ≤ 1 and it approaches a minimum of 0.6 at around 0.2 V, which
signifies that at around 0.2 V, the charge storage mechanism becomes highly diffusion controlled.
For all other values of V, the value of b lies between 0.5 and 1, which means that at these voltages,
the charge storage is a hybrid of diffusion-controlled and capacitive mechanism.
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Figure 4.3 (a) Plot to determine b value by plotting log i vs log v, for a pristine WS2 electrode; (b)
Plot of b vs V for pristine WS2 electrode; (c) Plots of i/υ1/2 and υ1/2 to calculate k1 and k2 values;
(d-f) Calculation of capacitance contribution arising from the capacitive charge storage (shaded
region) and intercalation/deintercalation charge storage mechanisms at a scan rate of 20 mV s-1 for
(d) pristine WS2 electrode and (e) 2500 cycled WS2 electrode; (f) Capacitance contribution (% )
plot for pristine WS2 electrode and that after 2500 cycles.
In a very similar analysis, the current at any given potential (V), is a combination of
capacitive charges stored (i.e., non-diffusion-controlled) and the charges stored via the diffusioncontrolled process. Thus, the current originating from these two mechanisms can also be divided
into two categories: (a) capacitive current and (b) current from solid-state ion diffusion.164
Therefore, mathematically using the Cottrell's equation, the total voltammetry current can be
written as
𝑖(𝑉) = 𝑘1 𝑣 + 𝑘2 𝑣 1⁄2
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( 4.4 )

where i(V) is the CV current at any given potential V, k1υ is the contribution of current
originating from capacitive type charge storage (both EDLC and pseudocapacitance), and k2υ1/2 is
the current originating from solid-state ion diffusion. In order to calculate the value of k1 and k2
equation (4.4) can be rearranged in the following way
𝑖(𝑉)
𝑣 1⁄2

= 𝑘1 𝑣 1⁄2 + 𝑘2

( 4.5 )

Experimentally, current at different potentials can be collected from CV measurements, for
𝑖(𝑉)

varying scan rates υ, and then a curve can be plotted between 𝜐1/2 and 𝜐1/2 . After linear fitting of
the data, k1 is calculated by the slope of the line and k2 is obtained from the intercept of the line
on y-axis. After knowing the values of k1 and k2, the capacitive contribution of the current (nondiffusion-controlled current) and the current due to solid-state ion diffusion (i.e., diffusioncontrolled current) can be calculated individually at all given potentials (V). This analysis is shown
in Figure 4.3 c. By linearly fitting the data, we have calculated the values of k1 and k2 at different
potentials V.
These charge contribution calculations were performed for both pristine and 2500 cycled
WS2 electrode. The shaded region in Figure 4.3 d shows that the capacitive charge storage
mechanism is dominant over the redox mechanism for a pristine WS2 electrode. The strain causing
the increase in the interlayer spacing is supposed to enhance the redox contributed charge storage
after 2500 cycles as more Na+ ions can be intercalated into the WS2 layers. So, the CV profile of
the WS2 electrode was again recorded at 20 mV s-1 after 2500 cycles of charge-discharge. The
shaded region in Figure 4.3 e denoting capacitive charge storage has considerably decreased in
this case, that the contribution from the redox mechanism has increased. This clearly shows that
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the increased interlayer spacing of the electrodes does play a role in enhancing the charge storage.
The capacitance contribution plot shown in Figure 4.3 f shows the capacitive contribution of the
WS2 electrode decreasing from 73.36% to 55.39%, while the redox contribution of the electrode
increasing from 26.64% to 44.61% after 2500 cycles. This enhancement of the redox mechanism
is a result of the interlayer spacing increase in the WS2 layers caused over the period of 2500 cycles
due to the constant intercalation and deintercalation of Na+ ions.
4.3.4

Relation Between Electrode’s Interlayer Strain and Capacitance

To further determine the potential origin of this behaviour, we collected WS2 from the
electrodes at different stages of cycling and mapped their surface potential using KPFM, which is
directly related to the work function of the material (Figure 4.4). A conductive AFM tip was used
to estimate the contact potential difference (VCPD, see experimental section) between the tip and
WS2, which is proportional to the difference between the work function of the tip and the work
function of the sample. The measurements were performed on the pristine electrode before cycling,
after 2500 cycles, and after 10000 cycles.
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Figure 4.4 (a,d,g) AFM topographical images of the WS2 electrode at the initial, 2500th, and
10000th cycles. (b,e,h) KPFM signal images of the WS2 electrode at the initial, 2500th, and 10000th
cycles showing the relative VCPD measured across the electrode. (c, f, i) Work function histogram
of the WS2 electrode calculated from the KPFM images captured at the initial, 2500th, and 10000th
cycles.
AFM topographical images of the WS2 electrode before cycling (Figure 4.4 a), after 2500
cycles (Figure 4.4 d), and after 10000 cycles (Figure 4.4 g) indicate slight changes in grain sizes
although the arrangement remained dense at all stages. VCPD values captured by KPFM before
cycling (Figure 4.4 b), after 2500 (Figure 4.4 e), and after 10000 cycles (Figure 4.4 h) reveal
significant changes in the estimated work function of the material. The variation can be attributed
to the strain induced in the WS2 lattice because of intercalation and deintercalation of Na+ ions
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during the continuous charge/discharge cycles. It is well-studied that the intercalation of heteroatoms into the layered structure of WS2 causes the development of strain in the lattice.160-161 When
𝜕𝐸→

the strain is induced in the interior domains of WS2, the Fermi velocity vF = [ ħ𝜕𝑘⃗𝑘 ] 𝑑𝐸→ = 𝐸𝐹
𝑘

depending upon the wave vector k decreases with the increasing strain, leading to an increase in
the work function.165 This dependency of work function on the strain induced in WS2 lattice has
also been investigated by Meng et. al166 using density functional theory (DFT) to find the
correlation between the applied strain, generated band gap, and modified work function of WS 2.
The results suggest that with applied strain, the work function tends to increase due to the change
in lattice parameter and the interatomic distances, which leads to modulation of hybridization
energy of 3p orbitals of S atoms and 4d orbitals of W atoms.167
The KPFM data shows that before cycling, the average work function of WS 2 was ~ 4.82
eV (Figure 4.4 c), which increased as the electrode underwent the initial cycling. This is
accompanied by a strain in WS2 due to intercalation/deintercalation of Na+ ions, also evidenced
by the shift of the out-of-plane phonon A1g mode from 424 to 424.5 cm-1 in the Raman spectrum
acquired after 2500 cycles and the decrease in the width of the band (Figure 4.5 b). As the
interlayer spacing between the WS2 layers expands to accommodate the sodium ions, the increased
access for the electrolyte ions (Na+) to the electrochemically active sites leads to an increase in the
capacitance. In our electrode, this phenomenon displayed an increase to 125% of the initial
capacitance, which reached a maximum after 2500 cycles, as shown in Figure 4.2 c. The increased
strain results in an increase in work function to ~ 4.95 eV (Figure 4.4 f) and a softening of the outof-plane phonon mode. After 2500 cycles, no further strain effect could be observed on the WS2
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lattice. Subsequently, the available electrochemical surface area remained constant and no
significant variation in the capacitance was observed. A very small change in the work function of
the WS2 electrode to ~4.97 eV observed after 10000 cycles (Figure 4.4 i) was also accompanied
by a slight shift in the E12g and A1g of the electrode indicating infinitesimal strain (Figure 4.5 c).
As the electrode’s interlayer spacing has reached its limit of accommodating strain, the capacitance
also remained stable after 10000 cycles. KPFM measurements enable us to successfully explain
the origin of the capacitance increase during the cycling study. The strain effect causing the
increase of interlayer spacing was supported by the Raman shift observed in the electrode cycled
after 2500 and 10000 cycles. This qualitative study can be applied to other types of transition metal
dichalcogenides-based supercapacitor electrodes, which possess a layered nanostructure.

Figure 4.5 Raman spectra of the electrodes (a) as-synthesized, (b) after 2500 cycles and (c) after
10000 cycles.
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4.4

Conclusions

WS2-based electrodes developed via CVD process were tested in a three-electrode cell
configuration to explore the mechanisms attributed to the decaying performance of energy storage
devices over repeated cycling. Electrodes were extracted at different stages of cycling for analysis
of the work function using KPFM. The measurements reveal an increase in capacitance, which is
attributed to the strain-induced between the WS2 layers by ion intercalation/deintercalation during
cycling, evidenced by the work function increase and the changes in Raman bands observed with
the cycled samples. Thus, the approach provides an ex-situ qualitative analysis capable of
monitoring surface properties of the electrodes of direct relation to the performance of energy
storage devices.
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CHAPTER 5
HIGH VOLTAGE ASYMMETRIC SUPERCAPACITORS
DEVELOPED BY ENGINEERING ELECTRODE WORK FUNCTIONS
The work presented in this chapter has been published in
ACS Energy Letters 2021, 6, 10, 3590–3599.
DOI : 10.1021/acsenergylett.1c01484
Reprinted with permission from ref54 Copyright 2021 American Chemical Society.
5.1

Introduction

Supercapacitors, which are attractive energy storage devices, still have plenty of room to
improve their energy density. Because supercapacitors store charges on their surface, they can be
charged in seconds and can deliver energy at a tremendous rate within a short time span. 15, 168
Another property that makes them appealing is that, unlike batteries, supercapacitors can deliver
energy for ten to hundreds of thousands of cycles with negligible performance degradation.33, 169
However, a major limitation that hinders their application as a sole energy storage device is their
low energy density compared to batteries. Energy stored in a supercapacitor is given as 1⁄2 𝐶𝑉 2 ,
where C and V stand for capacitance and voltage delivered, respectively. From the expression, it
is obvious that enhancing the energy density is highly dependent on the working voltage window.
Organic and ionic liquid electrolytes have been widely used in carbon-based supercapacitors for
delivering up to ~ 4 V from a single device.170 Though a high voltage is feasible using these
electrolytes, these supercapacitors have limitations like inferior capacitance, low ionic
conductivity, increased cost, toxicity and major safety concerns for many applications.171-172 An
alternative and safe approach for achieving high energy density is using aqueous electrolytes with
asymmetric electrode configuration.173 Designing an asymmetric supercapacitor (ASC) with two
different electrode materials helps to expand the thermodynamic breakdown potential barrier (~
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1.23 V) of water, which is typically encountered in an aqueous-based symmetric system. The
aqueous electrolyte-based energy storage devices also provide fast charge-discharge ability, safety,
and ease of handling when employed in electric vehicles and wearable electronics.174-175
Recently, considerable effort has been invested in developing aqueous ASC devices where
the voltage output typically ranges from 1.6 to 2.0 V.176-179 Many of these ASCs have metal oxides
as one or both the electrodes. Metal oxides commonly used in supercapacitors (MnO2, RuO2,
Fe2O3, Fe3O4 V2O5, MoO2, etc.) store charges via faradaic mechanism and possess high theoretical
capacitance. Thus, they have a substantial contribution to the energy stored.180-184 Even by
employing high capacitive electrodes and following asymmetric configuration, the energy stored
in the ASC is still far inferior to the batteries. This led us to engineer the electrode’s energetics to
expand the voltage window as the energy stored is quadratic to the voltage output. It is known that
the work function difference of the metal oxide electrodes employed in ASC is directly related to
the supercapacitor's operational voltage window according to the relationships:185-186
𝐸 = 𝐸0 + ∆𝐸1 + ∆𝐸2

( 5.1 )

𝐸 = (1⁄𝐹 ) × (𝜔 𝛽 − 𝜔𝛼 ) × 𝑁𝐴 + ∆𝐸1 + ∆𝐸2

( 5.2 )

𝐸 = [(1⁄𝐹 × 𝜔 𝛽 × 𝑁𝐴 ) + ∆𝐸1 ] − [(1⁄𝐹 × 𝜔𝛼 × 𝑁𝐴 ) + ∆𝐸2 ]

( 5.3 )

𝐸 = [𝑊𝑜𝑟𝑘 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 1] − [𝑊𝑜𝑟𝑘 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 2]

( 5.4 )

In the above equations, E is the operational voltage window, E0 is the standard electrode
potential and ΔE1 and ΔE2 are the surface dipole potentials of negative and positive electrodes,
respectively. The dipole potentials are a surface property varying locally in the electrode material.
This is related to the factors like the crystallographic orientation of surface atoms,187 surface
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roughness, surface terminations and reconstructions,188 overpotentials of hydrogen and oxygen
evolution.189-190 The electrochemical potentials (derived from Fermi level) of positive and negative
electrodes are given by ωα and ωβ, respectively. NA is Avogadro’s constant and F is the Faraday
constant. The above equations show that the work function of electrode material is not an intrinsic
value, but it is a combination of several factors. The wider the work function difference between
the two electrodes, the higher the working voltage of the ASC. As the working voltage increases,
the energy density of the ASC also increases, even with aqueous electrolytes. In addition to
choosing the appropriate electrode material having the maximum work function difference (based
on equation (5.4)), the electrodes must have their stable potential window within the allowable
voltage range of the electrolyte.191 However, the voltage range of the electrolyte can achieve some
relaxation by targeting for higher hydrogen and oxygen evolution overpotentials.192-193 Besides
this, the electrodes need to be nanostructured to enhance the specific surface area and abundant
active sites for storing more charges.194-196
In this work, we engineered the positive electrode’s work function via preinsertion of
different alkali metal cations and studied the work function trend using KPFM. KPFM is a surface
analysis tool that captures nanoscale imaging and measures the surface potential of a wide variety
of materials.155 KPFM is vital for studying the surface property changes happening in an energy
storing electrode material. This study, involving the electrode work function tuning via
preinsertion of various ions, is a unique approach towards developing high voltage
supercapacitors. Figure 5.1 a shows MnO2 with various preinserted ions exhibiting different work
function values measured using KPFM. It has been found that coupling the NaMnO2 electrode and
MoO2 electrode provides a large work function difference of 2.00 eV, which makes this an ideal
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approach for developing a high voltage asymmetric supercapacitor. This large work function
difference offered by asymmetric NaMnO2 // MoO2 device can deliver a high voltage of 2.50 V in
1 M Na2SO4 aqueous electrolyte with no electrolyte decomposition (Figure 5.1 b). The ASC
device delivered a maximum areal capacitance of 373 mF cm-2 and a specific capacitance of 89.6
F g-1 at a scan rate of 5 mV s−1 and retained almost 98.5 % capacitance even after 5000
electrochemical cycles. The high voltage and specific capacitance offered by the NaMnO2 // MoO2
ASC led to the delivery of a high gravimetric energy density of 78 Wh Kg -1 at a power density of
565 W Kg-1, which is higher than the ASCs developed with LiMnO2 // MoO2, KMnO2 // MoO2
and other reported aqueous-based ASC devices.197-201

Figure 5.1 Electrode energetics of positive and negative electrode materials (a) Energy level
diagram showing work function difference between positive electrodes like various alkali metal
cation preinserted electrodes including NaMnO2, pristine MnO2, LiMnO2, KMnO2 and a negative
electrode MoO2; (b) Final asymmetric supercapacitor fabricated with wide work function
difference electrodes such as NaMnO2 and MoO2 delivering a high voltage of 2.5 V.
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5.2

Experimental Section
5.2.1

Materials

Carbon fibers (CF) were purchased from Fibre Glast, USA. Nitric Acid (HNO3),
Hydrochloric acid (HCl), Manganese acetate tetrahydrate [(CH3COO)2Mn.4H2O], Sodium sulfate
(Na2SO4) Lithium sulfate (Li2SO4), Potassium sulfate (K2SO4), Sodium Molybdate (Na2MoO4),
Disodium ethylenediaminetetraacetate dihydrate (Na2EDTA), Ammonium acetate (CH3COONH4)
were purchased from Sigma-Aldrich, USA.
5.2.2 Cleaning of CF
Prior to the active material's electrodeposition, each CF bare electrode was cut into 2 cm x
4 cm area and cleaned using HNO3, HCl and de-ionized water. It was then dried in an oven for 1
hour.
5.2.3 Synthesis of MnO2
The electrodeposition bath for the synthesis of MnO2 electrode consisted of 0.16 M
manganese acetate tetrahydrate and 0.16 M sodium sulfate in de-ionized water. A three-electrode
cell configuration was used for depositing MnO2 on CF substrate in which the CF substrate,
platinum foil, and Ag/AgCl were used as the working electrode, the counter electrode, and the
reference electrode, respectively. The electrodeposition technique was done at a constant current
of 0.5 mA/cm2 for a period of 20 minutes, followed by drying in oven at 85 oC.
5.2.4

Synthesis of NaMnO2

Initially, Mn3O4 nanowalls (NWs) were synthesized on CF by electrochemical deposition
method following our previous work.129 The electrodeposition bath consisted of a solution of 0.16
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M manganese acetate tetrahydrate and 0.16 M sodium sulfate in de-ionized water. A threeelectrode cell configuration was used for depositing Mn3O4 NWs on CF substrate in which the CF
substrate, platinum foil, and Ag/AgCl were used as the working electrode, the counter electrode,
and the reference electrode, respectively. The electrodeposition technique was done at a constant
voltage of -1.8 V for a period of 20 minutes, followed by drying at room temperature overnight to
form Mn3O4 NWs. This Mn3O4/CF was electrochemically oxidized in a 1 M Na2SO4 solution to
form NaMnO2 by cycling them from 0 to 1.3 V at 25 mV s-1 for 500 cycles. The obtained sample
was cleaned in DI water and dried in oven before weighing and testing them. The mass loading
was found to be ~3 mg cm-2.
5.2.5

Synthesis of LiMnO2

An electrodeposition bath consisting of a 0.16 M manganese acetate tetrahydrate solution,
and a 0.16 M lithium sulfate solution was used for the synthesis. A three-electrode cell
configuration was used for depositing Mn3O4 NWs on CF substrate. The CF substrate, platinum
foil, and Ag/AgCl were used as the working electrode, the counter electrode, and the reference
electrode, respectively. The electrodeposition technique was done at a constant voltage of -1.8 V
for a period of 20 minutes, followed by drying at room temperature overnight to form Mn3O4 NWs.
These Mn3O4/CF were electrochemically oxidized in a 1 M Li2SO4 solution to form LiMnO2 by
cycling them from 0 to 1.3 V at 25 mV s-1 for 500 cycles. The obtained sample was cleaned in DI
water and dried in oven before weighing and testing them. The mass loading was found to be ~3
mg cm-2.
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5.2.6

Synthesis of KMnO2

The electrodeposition bath contained a solution of 0.16 M manganese acetate tetrahydrate
and 0.16 M potassium sulfate in de-ionized water. A three-electrode cell configuration was used
to deposit Mn3O4 NWs on the CF substrate. The CF substrate, platinum foil, and Ag/AgCl were
used as the working electrode, the counter electrode, and the reference electrode, respectively. The
electrodeposition technique was done at a constant voltage of -1.8 V for a period of 20 minutes,
followed by drying at room temperature overnight to form Mn3O4 NWs. These Mn3O4/CF were
electrochemically oxidized in a 1 M K2SO4 solution to form KMnO2 by cycling them from 0 to
1.3 V at 25 mVs-1 for 500 cycles. The obtained sample was cleaned in DI water and dried in oven
before weighing and testing them. The mass loading was found to be ~3 mg cm-2.
5.2.7 Synthesis of MoO2
Molybdenum oxide was also electrodeposited on CF. A solution of 0.10 M sodium
molybdate, 0.10 M Na2EDTA and 0.10 M ammonium acetate was used as the electrolyte in the
bath. The CF substrate, platinum foil, and Ag/AgCl were used as the working electrode, the counter
electrode, and the reference electrode, respectively. The molybdenum oxide film was formed at a
constant voltage of -2 V applied at the working electrode under 70o C for 30 mins. After the
deposition, the electrode was washed with de-ionized water and annealed at 400 oC for 1 hour in
the Nitrogen atmosphere. The mass loading was found to be ~4 mg cm-2.
5.2.8 Material Characterization
The surface morphology of the electrodeposited active materials on CF was characterized
by SEM (Zeiss ULTRA-55 FEG SEM). The SEM (Zeiss ULTRA-55 FEG SEM) is equipped with
the Noran System 7 EDS system with Silicon Drift Detector to perform the energy-dispersive X77

ray spectroscopy. The structure of the materials was determined using XRD analysis (PANalytical
Empyrean with 1.8 KW Copper X-ray Tube). Raman spectroscopic analysis was performed using
a Renishaw RM 1000B Micro-Raman Spectrometer with Ar - 514 nm excitation unit. The
electrochemical studies of the electrodes and supercapacitor device were examined using an
electrochemical workstation (Bio-Logic Science Instruments, model SP-150). The mass of CF
substrate before and after the deposition of the active materials were measured using a
microbalance (Mettler Toledo NewClassic MF, model MS 104S/03) to estimate the mass of active
materials used in the supercapacitor electrodes.
5.2.9

Kelvin Probe Force Microscopy (KPFM) Procedure

The surface topography and the surface potential of the electrode materials were studied
by atomic force microscopy (AFM) and KPFM (NanoIR2 AFM Bruker using PR-EX-KPFM
cantilevers). KPFM measurements were performed using a two-pass method. During the first pass,
the cantilever was mechanically driven at its resonant frequency to determine the sample’s
topography. During the second-pass scan, the cantilever was lifted by a fixed distance (20 nm) to
maximize the effect of long-range forces and minimize the effect of short-range van der Waals
forces. A bias which includes a DC and an AC component was applied to the cantilever to obtain
a potential difference ∆V=VDC+VAC between the tip and the sample. The AC component was used
to electrically vibrate the cantilever at its resonant frequency while VDC was adjusted by the AFM
controller to null the force gradient resulting from the differences between the tip work function
(ϕtip ) and the sample work function (ϕsample ). VDC = VCPD is recorded and used to obtain the
KPFM maps. The work function of the sample, ϕsample is determined using the relationship
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ϕsample = ϕtip – e VCPD, where e is the electronic charge and VCPD is contact potential difference
between tip and the sample.
Before every measurement, the KPFM probe was calibrated to determine ϕtip . The
calibration process involves the KPFM measurement of a freshly-exfoliated HOPG flake and
evaluating the work function of HOPG using ϕHOPG = ϕtip – e VCPD, where ϕHOPG is 4.6 +/- 0.1
eV. The VCPD was extracted by averaging the values of the KPFM map on raw datasets. Thus, the
VCPD value and the standard ϕHOPG will help in determining the tip’s work function. Followed by
which, the electrode’s work function is determined. For each electrode, at least 3 sets of samples
were characterized and, on each sample, at least 3 positions were selected to confirm the
repeatability of the measurements. All the measurements were done in ambient conditions.
5.2.10 Electrochemical Characterization
All the electrodes were characterized by CV GCD and EIS measurement in a threeelectrode cell configuration. The active material (NaMnO2 and MoO2) grown on CF was used as
the working electrode, platinum foil as the counter electrode and Ag/AgCl (in 1 M KCl) as the
reference electrode. An aqueous 1 M Na2SO4 solution was used as the electrolyte. An ASC device
was fabricated with NaMnO2 // MoO2 after charge balance of the electrodes and all the
electrochemical tests of the ASC were performed from 0 to 2.50 V in 1 M Na2SO4 electrolyte. The
electrodes, LiMnO2, and KMnO2 were tested in three-electrode configurations in 1 M Li2SO4 and
1 M K2SO4 solution. The ASC device fabricated with LiMnO2 // MoO2 and KMnO2 // MoO2 was
tested in 1 M Li2SO4 and 1 M K2SO4 solution, respectively, for the evolution studies.
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5.2.11 Charge Balance Between Positive and Negative Electrode
Achieving maximum device capacitance and longer cycle life is possible by maintaining a
charge balance between the positive and negative electrode. The charge balance between the
electrodes was performed to fabricate ASC using the following equation,
𝑞+ = 𝑞−

( 5.5 )

𝑀+ × 𝐶 + × ΔE + = 𝑀 − × 𝐶 − × ΔE −

( 5.6 )

Where 𝑞 + and 𝑞 − denote the charges stored on the positive and negative electrodes,
respectively. The signs M, C, and ΔE represent the active electrode mass, specific capacitance, and
the stable potential window of the respective electrodes. The mass of the active material is adjusted
for charge balance as the three-electrode studies displayed a difference in both the electrode’s
specific capacitance and potential window.

5.3

Work Function Studies Using KPFM

Lately, there are reports about ASCs with a voltage window of 2 V or more obtained by
combining MnO2//Fe3O4, MnO2//MoO3, MnO2//V2O5, etc.197, 202-203 Among the reported transition
metal oxides, manganese oxide (MnO2) is one of the attractive positive electrode material due to
its large earth abundance, low cost, environmental benignity, and well‐established synthesis
methods.204-205 Therefore, we selected MnO2 and engineered (lowered) its work function to
increase the work function difference between the positive and negative electrodes, thus enhancing
the ASC voltage window. Pre-insertion of an alkali metal cation into MnO2 helps lower the overall
work function of the electrode and increase the onset potential of oxygen evolution reaction.206-207
The work function is modified by pre-inserting MnO2 with Li+, Na+, and K+ ions via an
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electrochemical oxidation process. When a cation is pre-inserted into MnO2, it decreases the mean
oxidation state of the Mn, thus reducing the work function of the resultant compound. Hence, we
engineered the positive electrode material's (MnO2) work function by pre-inserting cations in the
MnO2 lattice, forming AMnO2 (A = Li, Na and K). However, not all the cation preinserted
electrode material showed a lower work function value. This disparity is attributed to the crystal
structure and the preinserted ion size. Suppressing the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) is essential in preventing the electrolyte decomposition and
achieving high voltage in the asymmetric supercapacitor. Hence, the proton intercalation (happens
by using acidic electrolyte; pH<7) into MnO2 lattice should be avoided since H+ ions will cause
early onset of hydrogen evolution reaction (HER) in the asymmetric configuration and will impede
in achieving the high voltage.208 Therefore, the work function modification of the electrodes and
the asymmetric configuration testing are carried out only using neutral aqueous electrolytes.
The work function modification of the different electrode materials prepared was analyzed
using KPFM. The KPFM measures the contact potential difference (VCPD) between a conducting
Platinum/Iridium (Pt/Ir) tip and the sample surface.209-210 First, a standard reference material,
highly oriented pyrolytic graphite (HOPG), with a standard work function value of 4.60 eV, was
used to measure the work function of the Pt/Ir tip (ϕtip ). The work function value of the sample
(ϕsample ) is given by
ϕsample = ϕtip − eVCPD

( 5.7 )

where ϕtip is the work function of the tip and e is the electronic charge. The detailed procedure is
provided in the experimental section. The surface potential profiles obtained are shown in Figure
81

5.2. The work function of pristine MnO2 measured was 4.60 eV. The insertion of cations is found
to influence the work function of the resulting electrodes. It is found that Na+ ion insertion lowered
the work function compared to K+ and Li+ ion. The average work function of NaMnO2 was found
to be 4.50 eV. LiMnO2 and KMnO2 had an average work function value of 4.72 eV and 4.78 eV,
respectively. We have also observed that the lowering of work function increases the onset
potential of oxygen evolution reaction in NaMnO2 electrode via cyclic voltammetry study.
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Figure 5.2 KPFM measurement of the average work function of the electrodes: first row: MnO2,
second row: NaMnO2, third row: LiMnO2 and fourth row: KMnO2 (first column: AFM images (1
µm × 1 µm); second column: corresponding KPFM images (1 µm × 1 µm); third column:
calculated work function.
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Here, the average work function value of the electrodes is mentioned as they tend to vary on the
surface. Hence the VCPD was measured at various positions in the sample and the average value is
reported as the work function. We repeated these measurements three times by making a new set
of samples to confirm the repeatability of the measurements.
To understand this work function trend, we refer to the study done by Young et al., 211
where they took the radii of the cations and calculated a maximum radius (rmax) for a cation that
could swiftly intercalate into the 2×2 tunnel of α-MnO2, without any steric hindrance. For this,
they calculated the diagonal oxygen to oxygen distance in the 2×2 tunnel ( lOO = 5.01 Å) and the
ionic radius for O2- (ro = 1.21 Å). Therefore, for a 2×2 tunnel, maximum passable ionic radius,
𝑟𝑚𝑎𝑥 = 1⁄2 × (𝑙𝑂𝑂 − 2𝑟0 ) = 1.30 Å

( 5.8 )

The ionic radius for Na+ ion is r = 0.99 Å, while that of K+ ion is r = 1.37 Å, which is higher than
rmax. Thus, when the K+ ion intercalates, α-MnO2 experiences a high steric hindrance, which leads
to congestion in the tunnel. Therefore, KMnO2 exhibits the highest work function of 4.78 eV
among all the compounds formed. Though the radius of Li+ ion is 0.59 Å, which is far smaller than
rmax, it appears to exhibit the lowest work function. However, the findings of Young et al.211
suggests that when Li+ ion intercalate into the 2×2 tunnel, due to their smaller size, they tend to
shift closer to the tunnel wall and interact un-equally with the neighboring oxygen atoms of the
tunnel. This leads to a slight steric hindrance, but not a hindrance as high as the K+ ion. Therefore,
LiMnO2 tends to show a higher work function (compared to NaMnO2) of 4.72 eV, although not as
high as KMnO2. However, when Na+ ion and K+ ion intercalate into the 2×2 tunnel of α-MnO2,
they localize near the center of the tunnel and interact equally with all the nearby O atoms. While
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the K+ ion faces high steric hindrances due to its larger ionic radius than rmax, the Na+ ion seems to
enjoy all the benefits of having a perfect size and central localization with balanced forces in the
2×2 tunnel. This leads to a seamless intercalation/deintercalation and almost zero steric hindrance,
among all other intercalating species. This explains why NaMnO2 tends to show the lowest work
function of 4.50 eV and is well suited to be a positive electrode material for a wider potential
window for supercapacitor application. So, for the final device configuration, we chose NaMnO2
as the suitable positive electrode material because it gives the highest voltage window in
combination with the negative electrode material, MoO2.

5.4

Material, Structural, and Electrochemical Characterization of the Positive Electrode
The XRD pattern of NaMnO2 electrode is shown in Figure 5.3 a. The highly intense peak

appearing at a 2θ angle of 25.8o corresponds to the carbon fiber (CF) substrate. The formation of
the tetragonal NaMnO2 nanowall structure is confirmed by the presence of the characteristic
diffraction peak formed at a 2θ angle of 12o, 37.5o, 50 o, 65o, and 72.7o corresponding to (110),
(211), (411), (002) and (312) crystal planes, respectively.212-213 The formation of NaMnO2
structure is further confirmed by the Raman analysis with characteristics peaks at 180, 416, 589
and 641 cm-1, as shown in Figure 5.3 b.212 The major peaks correspond to vibrations in MnO6
octahedra involving O-Mn-O stretching mode and bending modes. The FESEM images of the
sodium inserted MnO2 show uniform deposition of nanowall structure throughout the CF, as
shown in Figure 5.3 c. This type of nanostructure with porous architecture is essential for
enhancing the surface area for superior charge storage. The porous nanowall structure provides an
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efficient pathway for the diffusion of electrolyte ions and improves the faradaic reaction at the
electrode-electrolyte interface.

Figure 5.3 Material and structural characterization of NaMnO2 electrode: (a) XRD showing
characteristic peaks of CF and tetragonal NaMnO2, (b) Raman peaks confirming the formation of
tetragonal NaMnO2 nanowall structure, (c) SEM of the NaMnO2 nanowall deposited on CF, (d-i)
SEM-EDAX characterization of NaMnO2 electrode showing the presence of elements C, Mn, O
and Na.
Energy-dispersive X-ray spectroscopy (EDAX) used to determine the distribution of the
elements on the CF substrate showed the presence of sodium ions in the electrode (Figure 5.3 (d86

i)). In addition, all the elements were distributed uniformly over the CF substrate and the elemental
ratio of Na:Mn:O was found to be 0.25:1:2, confirming the compound formed as Na0.25MnO2.
The electrochemical characterizations of sodium doped manganese oxide (NaMnO2)
deposited on CF were performed in an aqueous 1 M Na2SO4 electrolyte. The CV curves of the
optimized electrodes were measured at various scan rates from voltage of 0 to 1.30 V vs. the
Ag/AgCl reference electrode. When tested, the electrodes showed a slightly deviated CV behavior
from the ideal rectangular profile, displaying its faradaic charge storage mechanism (Figure 5.4
a). The faradaic behavior of the NaMnO2 electrode arises from the combined reversible redox
reaction of Mn3+/Mn4+ ions and intercalation/deintercalation of Na+ ions into the MnO2 lattice.146
The intercalation/deintercalation of Na+ happens at a higher potential, exceeding 1 V.146 This
increases the onset potential of the oxygen evolution reaction and allows the NaMnO2 electrode to
provide stable performance, even at a high potential of 1.30 V. Achieving this high voltage is
crucial for developing a high energy density ASC. A high areal capacitance of ~1 F cm-2 and
gravimetric capacitance of 328 F g-1 obtained at the lowest scan rate of 5 mV s-1 represents the
good pseudocapacitive behavior of the NaMnO2 electrode. This value of the areal capacitance is
much higher than various MnO2 electrodes reported in the literature.214-217 The rate capability
curve of the NaMnO2 electrode shown in Figure 5.4 b displays an areal capacitance of 0.30 F cm2

and gravimetric capacitance of 100 F g-1 at a high scan rate of 200 mV s-1.
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Figure 5.4 Electrochemical characterization of NaMnO2 electrode in aqueous 1 M Na2SO4
electrolyte: (a) CV profile at various scan rates, (b) Areal and gravimetric capacitance at various
scan rates, (c) GCD curves of NaMnO2 electrode at various current densities, (d) Nyquist plot of
NaMnO2 electrode vs Mn3O4 electrode with inset showing magnified portion of high-frequency
region of NaMnO2 electrode.
In agreement with the CV curves, nonlinear GCD curves recorded at a current range of
1.25 to 10 mA cm-2, as given in Figure 5.4 c, shows reversible pseudocapacitive behavior with
good coulombic efficiency. The insertion of alkali metal cations has an impact on the electronic
conductivity of the final electrode. Based on the DFT simulation studies done by Yuan et al, it is
discovered that the preinsertion of alkali cations into MnO2 creates new mixed occupied states of
Mn3+ and Mn4+ inside their bandgap.218 This enhances the electrode’s electronic conductivity
through electron hopping between Mn3+/Mn4+ redox pair induced by cation doping. This was
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evident from the impedance measurement of the NaMnO2 electrode and the Mn3O4 electrode
performed from 1 MHz to 100 mHz at 0.2 V as shown in Figure 5.4 d. The overall resistance of
the NaMnO2 electrode is smaller than the Mn3O4 electrode. Also, the small charge transfer
resistance of 0.50 Ω of the NaMnO2 electrode in the high-frequency region, exhibits its fast charge
transfer characteristics compared to Mn3O4 electrode, which showed a slightly larger semicircle
with a charge transfer resistance of ~1 Ω. In the low-frequency region, both the electrodes showed
a negligible difference in their slope, indicating almost similar ion diffusion behavior.

Figure 5.5 (a) Cycling study of NaMnO2 electrode at the scan rate of 100 mV s-1; (b-c) SEM image
of (c) pristine NaMnO2 electrode and (d) cycled NaMnO2 electrode; (d-f) KPFM measurement of
the work function of cycled NaMnO2 electrode.
The NaMnO2 electrode also showed good electrochemical cycling stability, retaining
~97.7% of its initial capacitance even after 5000 electrochemical cycles recorded at 100 mV s -1
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(Figure 5.5 a). The structural integrity of the NaMnO2 electrode is maintained (Figure 5.5 (b-c))
is the reason for this excellent cycling stability. The post KPFM analysis of the cycled NaMnO 2
electrode showed a work function value of 4.52 eV (Figure 5.5 (d-f)). This slight change in the
work function of the cycled electrode (4.52 eV) compared to the pristine electrode (4.50 eV) might
be due to the strain developed by the electrode during the cycling process.210 This result correlates
well with the stability of the electrode, as seen in the electrochemical cycling. This stable high
voltage electrode is achieved because of the stable crystal structure and choice of CF as the current
collector. Choosing a metal-based current collector would have induced an early onset potential
for water decomposition.178 Thus, carbon-based current collectors are ideal for achieving high
voltage and high energy density ASCs. Oxygen evolution studies were performed via cyclic
voltammetry for the electrodes prepared with different preinserted cations. Each electrode was
tested from a voltage of 0 to 1.30 V vs. an Ag/AgCl reference electrode in their respective
intercalated ion-neutral electrolyte. The NaMnO2 electrode was tested in 1 M Na2SO4 electrolyte,
the KMnO2 electrode was tested in 1 M K2SO4 electrolyte, and the LiMnO2 electrode was tested
in 1 M Li2SO4 electrolyte. The obtained CV results are shown in Figure 5.6 a. The CV results
demonstrate that the NaMnO2 electrode exhibited no signs of evolution until 1.30 V. The other
electrodes started showing oxygen evolution at a much earlier potential, 1.10 V for KMnO2 and
1.15 V for LiMnO2. The various evolution potentials show that the stable potential window for
each electrode varies. It also demonstrates the relationship of oxygen evolution to the work
function values observed for the respective electrodes. The oxygen evolution (as bubbles)
happened for KMnO2 and LiMnO2 electrodes after crossing 1.10 V, as shown in Figure 5.6 b. This
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study reveals that the sodium ion inserted MnO2 is an ideal positive electrode for achieving high
voltage ASC.

Figure 5.6 Oxygen evolution studies of various electrodes prepared: (a) three electrode test of all
the electrodes at a scan rate of 10 mV s-1, (b) Demonstration of the oxygen evolution at a voltage
of 1.1 V for KMnO2 and LiMnO2 electrode, (c) CV of various ASC devices at a scan rate of 10
mV s-1 (showing the stable voltage window of NaMnO2//MoO2 at higher voltage).
5.5

Material, Structural, and Electrochemical Characterization of the Negative Electrode
Molybdenum oxides (MoO2), a low-cost metal oxide with high electrochemical activity,

high capacitance, and a higher work function of ~ 6.50 eV, make it an ideal anode material for
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developing high voltage supercapacitors.219-221 The electrodeposition process is followed to
develop the MoO2 electrode on CF substrate. The electrodeposited MoO2 electrodes were further
annealed at 400 oC for 1 hour in a Nitrogen atmosphere. Various deposition times followed by the
annealing process were administered to develop an optimized high-performing negative electrode
material, which delivered an areal capacitance of more than 1 F cm-2 and a specific capacitance of
260 F g-1 at a scan rate of 5 mV s-1. The XRD pattern of the MoO2 electrode is shown in Figure
5.7 a. The highly intense peak appearing at 2θ of 25.8o corresponds to the CF substrate. The
formation of a monoclinic MoO2 nanowall structure is confirmed by the presence of the
characteristic diffraction peak at 2θ of 37o, 53.3o, 60.3o, 66.4o, 72.5o, and 78.8o corresponding to
(101), (211), (310), (002), (112), and (321) crystal planes, respectively.222 The formation of MoO2
structure is further confirmed via Raman analysis by the characteristic peaks obtained at 195, 219,
347, 484 corresponding to phonon vibration modes of MoO2 and 575, and 725 cm-1 correspond to
stretching vibration of the Mo-O (I) and Mo-O(II) groups in the lattice as shown in Figure 5.7
b.223-224 The deposited MoO2 formed a sheath on CF upon annealing, with the structure becoming
more ordered with small nanoparticles on the sheath as shown in Figure 5.7 c. The deposition of
the MoO2 was found to be uniform all over the surface of CF. Besides, the EDAX analysis showed
a uniform distribution of elements for the MoO2 (Figure 5.7 (d-h)). These results prove that the
electrodeposition process is well suited for large-scale uniform deposition of active materials.
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Figure 5.7 Material and structural characterization of MoO2 electrode: (a) XRD showing
characteristic peaks of CF and monoclinic MoO2, (b) Raman peaks confirming the formation of
monoclinic MoO2 structure, (c) SEM of the ordered MoO2 sheath formed around CF, (d-h) SEMEDAX characterization of MoO2 electrode showing the presence of elements C, Mo, and O.
The electrochemical characterizations of MoO2 deposited on CF were performed in an
aqueous 1 M Na2SO4 electrolyte. We used neutral electrolyte (pH=7), Na2SO4, to avoid any
influence of H+ ions in the study of work function-driven energy density increase. After annealing,
the electrodes exhibited a lower resistance and an unprecedented increase in capacitance compared
to the unannealed electrodes, as shown in Figure 5.8 a-b. The optimal electrodeposition time of
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MoO2 was found to be 30 mins, which exhibited the highest capacitance, as shown in Figure 5.8
c-d.

Figure 5.8 (a) Nyquist plot comparison of unannealed vs annealed MoO2; (b) CV profile
comparison of unannealed vs annealed MoO2 at a scan rate of 5 mV s-1; (c) CV profile recorded at
a scan rate of 5 mV s-1 of MoO2 electrodes prepared at different deposition time; (d) Plot showing
the time of deposition vs areal capacitance of MoO2 electrode at a scan rate of 5 mV s-1.
The CV curves of the optimized electrodes were measured at various scan rates from 0 to
-1.20 V vs. Ag/AgCl reference electrode. The electrodes, when tested, showed no evolution until
-1.20 V, which is important for developing a high voltage supercapacitor. The CV curves show
that the CF/MoO2 electrode exhibits good pseudocapacitive behavior due to fast surface redox
reactions, as shown in Figure 5.9 a. The MoO2 electrode exhibited a maximum areal capacitance
of 1.04 F cm-2 and gravimetric capacitance of 260 F g-1 at a scan rate of 5 mV s-1, which exceeds
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the reported values of other MoO2 electrodes.142, 225-227 The rate capability curve of the MoO2
electrode shown in Figure 5.9 b displays an areal capacitance of 0.31 F cm-2 and gravimetric
capacitance of 77 F g-1 at a high scan rate of 200 mV s-1. In good agreement with the CV curves,
the nonlinear GCD curves in Figure 5.9 c show reversible pseudocapacitive behavior with good
coulombic efficiency. The pseudocapacitive contribution of the MoO2 electrode helped them
exhibit 0.94 F cm-2 at a current density of 1.25 mA cm-2. Since at higher current, only a limited
number of ions can reach all the surface of the MoO2, it delivers only 30% of its original
capacitance. The impedance measurement of the electrode performed from 1 MHz to 100 mHz at
0.2 V is shown in the Nyquist plot (Figure 5.9 d). At the high-frequency region, a small semicircle
is formed with a charge transfer resistance of 0.46 Ω. The absence of additive binders and direct
contact of the MoO2 sheaths on carbon fiber helped in achieving a faster transport of charges and
is the reason for this small resistance value. This low resistance is the reason for the small IR drop
seen in the GCD profile. At the low-frequency region, the near-vertical increase in the impedance
showed the ideal capacitive behavior of the electrode. The electrode's stability was confirmed by
continuous 5,000 electrochemical cycling at a scan rate of 100 mV s -1 (Figure 5.10 a). During
cycling, there was an initial increase in the capacitance of the electrode for a few hundreds of
cycles. This increase is due to the activation of electrochemical sites in the electrode over cycling.
The trend continued until the electrode’s performance became stable over the next hundreds of
cycles. Following this, the electrode showed a typical metal oxide behavior with cycling up to
5,000 cycles; they retained ~96.5% of initial capacitance. The MoO2 electrode maintained its
structural integrity throughout cycling without any disruption to the sheath formed around the
carbon fiber as revealed in the before and after cycling SEM images (Figure 5.10 (b-c)). These
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excellent characteristics of the CF/MoO2 with high capacitance, low resistance, good coulombic
efficiency, and cyclic stability make it an ideal negative electrode for the high voltage
supercapacitor.

Figure 5.9 Electrochemical characterization of annealed CF/MoO2 in aqueous 1 M Na2SO4
electrolyte: (a) CV profile at various scan rates, (b) Areal and gravimetric capacitance at various
scan rates, (c) GCD curves of MoO2 electrode, (d) Nyquist plot of MoO2 electrode with inset
showing magnified portion of high-frequency region.
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Figure 5.10 (a) Cycling study of MoO2 electrode at the scan rate of 100 mV s-1; (b-c) SEM image
of (b) pristine MoO2 electrode and (c) cycled MoO2 electrode.
5.6

Electrochemical Characterization of Asymmetric Supercapacitor

Based on the pre-insertion of different ions, it is evident that sodium ion insertion reduces
the positive electrode's (NaMnO2) overall work function to 4.50 eV. This gives the wide work
function difference of 2.00 eV between the NaMnO2 and MoO2 electrode and with the aid of the
overpotential arising from the adsorption of electrolyte ions, the output voltage window can be
extended up to 2.50 V without electrolyte decomposition. Following the work function engineering
study, an ASC is fabricated with NaMnO2 as the positive electrode and MoO2 as the negative
electrode in an aqueous 1 M Na2SO4 electrolyte. It is apparent from the three-electrode studies
(Figure 5.11 a) that the NaMnO2 electrode works in the potential window from 0 to 1.30 V vs.
Ag/AgCl, while the MoO2 electrode works in the potential window from -1.20 to 0 V vs. Ag/AgCl.
This indicates that the ASC device assembled using these two electrodes could reach up to a
maximum working voltage of 2.50 V. Reaching the voltage up to 2.50 V with the aqueous
electrolyte has excellent implications in the energy storage sector since the aqueous ASC device
offers safety, high voltage, and enhanced energy density.
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Figure 5.11 (a) CV curves of the MoO2 and NaMnO2 electrode in a three-electrode system at a
scan rate of 25 mV s−1; (b) CV curves of the NaMnO2 // MoO2 asymmetric device measured at
different voltage windows at a scan rate of 100 mV s−1.
The CV profiles of the as‐fabricated ASC, with various upper cutoff voltages from 2.00 to
2.50 V at a scan rate of 100 mV s−1, are shown in Figure 5.11 b. The ASC device showed no
evolution until the potential reached 2.50 V, and therefore, further studies of the ASC device were
recorded at this voltage. Similar to the evolution observed in LiMnO2 and KMnO2 electrodes
during the three-electrode studies, ASCs fabricated with LiMnO2 // MoO2 and KMnO2 // MoO2
exhibited an earlier onset potential of oxygen evolution reaction than NaMnO2 // MoO2. The results
of the evolution studies of the various ASC device can be seen in Figure 5.6 c. The ASC device
assembled with NaMnO2//MoO2 electrodes exhibited a maximum stable voltage window of 2.50
V without any evolution. The stable voltage window obtained can be correlated to the work
function difference observed in all three asymmetric systems. The details of the work function
difference and stable voltage window are provided in Table 5.1. It is evident that the ASC system
(NaMnO2 // MoO2) with the largest work function difference delivered the maximum voltage.
When an ASC is made with electrodes having smaller work function differences, such as in
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LiMnO2 // MoO2 and KMnO2 // MoO2, the voltage is reduced by about 0.25 to 0.30 V compared
to NaMnO2 // MoO2. This shows that work function engineering of the electrode leads to a higher
voltage in the ASC.
Table 5.1 Stable voltage window of various ASC devices with respect to work function difference
of the metal oxide electrodes used.
S. No

Positive
electrode

Average
Work
function
(eV)

Negative
electrode

Average
Work
function
(eV)

Average Work Stable Output
function
Voltage (V)
difference (eV)

1.

NaMnO2

4.50

MoO2

6.50

2.00

2.50

2.

LiMnO2

4.72

MoO2

6.50

1.78

2.25

3.

KMnO2

4.78

MoO2

6.50

1.72

2.20

Further, NaMnO2 // MoO2 ASC's CV recorded in the potential window 0 to 2.50 V at
various scan rates from 5 to 200 mV s-1 is shown in Figure 5.12 a. The CV profile displayed
almost rectangular-shaped behavior with additional faradaic nature, even when the device voltage
reached 2.50 V, indicating the ASC's good capacitive behavior in this broad voltage window. The
CV curves maintained a rectangular shape without any major distortion even when the scan rate
was increased to 200 mV s-1. This shows good capacitive behavior and fast charge/discharge
characteristics. The ASC delivers a high areal capacitance of 373 mF cm-2 and a gravimetric
capacitance of 89.6 F g-1 at a scan rate of 5 mV s−1. The rate capability curves of the ASC shown
in Figure 5.12 b displays an areal capacitance of more than 75 mF cm-2 and a gravimetric
capacitance of 18 F g-1 at a scan rate of 200 mV s−1. To further investigate the ASC's capacitive
behavior, GCD measurements were recorded in the current density range of 1.67 mA cm-2 to 8.33
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mA cm-2 and displayed faradaic behavior (Figure 5.12 c). The asymmetric device showed almost
100% coulombic efficiency showing its excellent reversible charge storage behavior.
The impedance measurement of the ASC performed from 1 MHz to 100 mHz at 0.2 V is
shown in the Nyquist plot in Figure 5.12 d. A semicircle formed at the high-frequency region,
with a charge transfer resistance of 2.5 Ω indicates that the ASC has relatively low resistance to
transferring the charges. The ASC built was electrochemically cycled for 5000 times and
maintained almost 98.6% capacitance retention, displaying the stability of the electrode materials
used as shown in Figure 5.12 e. The high voltage of the ASC helped to achieve a maximum
gravimetric energy density of 78 Wh Kg-1 at a power density of 565 W Kg-1 and delivered a
maximum power density of 4611 W Kg-1 at an energy density of 16 Wh Kg-1. The Ragone plot
displayed in Figure 5.12 f shows the superior energy density of our NaMnO2 // MoO2 ASC
obtained because of the work function tuning. The energy density provided by various ASCs
developed is shown in Table 5.2. The ASC system made of LiMnO2 // MoO2 and KMnO2 // MoO2
delivered a maximum energy density of 53.3 Wh Kg-1 and 50 Wh Kg-1, respectively. A Ragone
plot displaying our NaMnO2 // MoO2 ASC device performance in comparison with other reported
MnO2 and MoO2 based ASC shows its extraordinary energy storage abilities (Figure 5.12 f). The
high voltage and energy density achieved using aqueous electrolyte was possible due to the work
function engineering of the electrodes.
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Figure 5.12 Electrochemical characterization of NaMnO2 // MoO2 ASC in aqueous 1 M Na2SO4
electrolyte: (a) CV profile of the device at different scan rates, (b) Areal and gravimetric
capacitance at various scan rates, (c) GCD profile of the device at different current densities, (d)
Nyquist plot of the device, (e) Cycling performance recorded at a scan rate of 100 mV s-1 for 5000
cycles, (f) Ragone plot displaying energy and power density of the NaMnO2 // MoO2 asymmetric
supercapacitor in comparison with other reported values of MnO2 and MoO2 based asymmetric
supercapacitor.
Table 5.2 Electrochemical performance evaluation of various ASC devices.
S. No ASC device

Electrolyte

1.
2.
3.

1 M Na2SO4
1 M Li2SO4
1 M K2SO4

NaMnO2 // MoO2
LiMnO2 // MoO2
KMnO2 // MoO2

5.7

Specific
capacitance
(F g-1)
89.6
61.4
57.6

Energy Density Power Density
(W h kg−1)
(W kg−1)
78
53.3
50

565
390
365

Conclusion

In Summary, we have developed a high voltage ASC with NaMnO2 as the positive
electrode and MoO2 as the negative electrode material in an aqueous 1 M Na2SO4 electrolyte.
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Work function engineering of the positive electrode was performed via pre-insertion of various
cations into the MnO2 structure. KPFM studies showed that the sodium ion insertion lowered the
average work function of the MnO2 electrode material to 4.50 eV from 4.60 eV and the ASC
fabricated with NaMnO2 and MoO2 provided a voltage of 2.50 V. The developed ASC delivered
an areal capacitance of 373 mF cm-2 and a gravimetric capacitance of 89.6 F g-1 at a scan rate of 5
mV s-1. The ASC remained stable and retained almost 98.6% of its capacitance after 5000
electrochemical cycles and delivered a high energy density of 78 Wh Kg-1 at a power density of
565 W Kg-1. This work opens a new path of engineering the electrode material’s work function for
developing high voltage and thus high energy density energy storage devices. The results obtained
show high potential for our supercapacitor in the highly demanding and fast-growing energy
sectors such as electric vehicles and the wearable electronics industry.
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CHAPTER 6

CONCLUSIONS

In this dissertation, the importance of engineering electrode materials for developing highperformance supercapacitors and employing tools such as KPFM and Raman to understand the
structural changes during cycling and work function engineering is discussed in detail from chapter
2 to 5. Supercapacitors are always seen as a device that bridges the gap between commercial
capacitors and batteries. To use them as sole energy storage device, considerable improvement in
their capacitance and voltage is needed. Also, to develop long-lasting energy storage devices, two
different approaches are necessary. One involves developing a stable electrode nanostructure, and
another involves developing qualitative analysis tools to study the structural and chemical changes
during cycling. This approach will help study the evolution of various materials and improve their
stability via composite preparation, choosing suitable electrolyte and application areas.
In the first part of the dissertation work, a simple and facile method to fabricate highly
efficient supercapacitor electrodes using graphene oxide sheets vertically attached and electrically
connected to the carbon fibers are developed. The vertically aligned graphene oxide–carbon fiber
electrode prepared by electrophoretic deposition possesses a mesoporous 3D architecture which
enabled faster and more efficient electrolyte-ion diffusion with a gravimetric capacitance of 333.3
F g−1 and an areal capacitance of 166 mF cm−2. The electrodes displayed superlong
electrochemical cycling stability of more than 100 000 cycles with 100% capacitance retention,
promising for long-lasting supercapacitors. Apart from the electrochemical double layer charge
storage, the oxygen-containing surface moieties, and α-Ni(OH)2 present on the graphene oxide
sheets enhance the charge storage by faradaic reactions. This enables the assembled device to
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provide an excellent gravimetric energy density of 76 W h kg−1 with a 100% capacitance retention
even after 1000 bending cycles. This study opens the door for developing high-performing flexible
graphene oxide electrodes for wearable energy storage applications. The 3D conductive template
offered by the VGCF electrodes can be used to deposit other high capacitive materials to further
improve the energy density.
In the second part of the dissertation work, a flexible all-solid-state asymmetric
supercapacitor comprised of reduced graphene oxide (rGO) and core/shell tungsten
trioxide/tungsten disulfide (WO3/WS2) nanowire-based electrodes. The electrodes synthesized via
electrochemical deposition and chemical vapor deposition avoided the necessity to use nonconductive binders and offered excellent cyclic stability. The structural integrity provided by the
rGO and WO3/WS2 electrodes facilitated excellent electrochemical stability with capacitance
retention of 90% and 100% after 10,000 charge-discharge cycles, respectively. An all-solid-state
device provides a voltage window of 1.5 V and more than 70% capacitance retention after 10000
charge-discharge cycles. Providing 97% capacitance retention upon mechanical bending reveals
its potential to be used as an energy storage device in flexible electronics.
In the third part of the dissertation work, the evolution of two-dimensional (2D)
supercapacitor electrodes during cycling via a multifaceted approach is investigated. A novel
method is followed to monitor the strain caused by cycling the 2D WS2-based electrode by
mapping the work function of the electrode at different electrochemical cycling intervals using
Kelvin Probe Force Microscopy. To support our study, the evolution of the 2D WS2-based
electrode over the course of repeated cycling is evaluated using Raman spectroscopy. The results
reveal that during cycling, a strain is developed in the WS2 layers due to the
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intercalation/deintercalation of the electrolyte ions. As a result, the available electrochemically
active sites increase, leading to an increase in capacitance. This new approach enables us to
understand the evolution of electrodes with cycle life and is expected to benefit the development
of more efficient and long-lasting energy storage devices.
In the last part of the dissertation, the preinsertion of different metal cations such as Li+,
Na+, and K+ ions into manganese dioxide (MnO2) to tune the electrode’s work function is
demonstrated. Sodium-doped MnO2 (NaMnO2) exhibited a lower work function than Li+ and
K+ preinserted electrodes. This lowering of the work function leads to a higher voltage window.
The work function tuned NaMnO2 is coupled with a high-work-function negative electrode
material, molybdenum oxide (MoO2), to fabricate a 2.5 V aqueous asymmetric supercapacitor.
The supercapacitor delivered a maximum energy density of 78 Wh kg–1, a power density of 4.6
kW kg–1, and capacitance retention of 98.6% after 5000 cycles. This work brings new insights into
the engineering of electrode’s work function for developing high-voltage and high-energy
supercapacitors.
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